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)UDFWXUHG LJQHRXV PHWDPRUSKLF DQG ZHOO FRQVROLGDWHG VHGLPHQWDU\ URFNV ³KDUG URFNV³
RFFXU LQ PDQ\ UHJLRQV DOO RYHU WKH ZRUOG 7KH\ RIWHQ RFFXU LQ ODUJH DUHDV  VKLHOGV DQG
PDVVLIVDQGLQFRUHVRIPDMRUPRXQWDLQUDQJHV7KHLURXWFURSVFRYHUPRUHWKDQSHUFHQW
RI WKH SUHVHQW ODQG VXUIDFH LH DSSUR[LPDWHO\  PLOOLRQ VT NLORPHWUHV 'XULQJ SDVW
GHFDGHV QR DGHTXDWH DWWHQWLRQ KDG EHHQ SDLG WR JURXQGZDWHU LQ WKLV K\GURJHRORJLF
HQYLURQPHQW H[FHSW IRU VRPH DULG DQG VHPLDULG UHJLRQV ZKHUH XQGHU W\SLFDO QRQ
DYDLODELOLW\ RI VXUIDFH ZDWHU ERGLHV JURXQGZDWHU KDV WUDGLWLRQDOO\ UHSUHVHQWHG WKH RQO\
VRXUFH IRU ZDWHU VXSSO\ :DWHU GHPDQG KDV RIWHQ VWLPXODWHG LQWHQVLYH K\GURJHRORJLF
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EHHQQRWHGEHFDXVHRIPDQ\SUHVHQWGD\LVVXHVWKDWVXEVWDQWLDWHWKHSUDFWLFDOLPSRUWDQFH
RIJURXQGZDWHULQKDUGURFNVHYHQLQWHPSHUDWHFOLPDWLF]RQHV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¾1DWXUDO JURXQGZDWHU UHVRXUFHV RI KDUGURFN UHJLRQV PDLQO\ WKRVH RULJLQDWLQJ LQ
PRXQWDLQVKDYHEHHQSURYHGKLJKHQRXJKWRPDLQWDLQIORZRIZDWHUFRXUVHVLQDGMDFHQW
SLHGPRQW ]RQHVGXULQJGU\SHULRGV1DWXUDOJURXQGZDWHU UHVRXUFHV  QDWXUDO UHFKDUJH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¾0DQ\VLGHG SUREOHPV DUH FRQQHFWHG ZLWKJURXQGZDWHU SROOXWLRQ DQG HQYLURQPHQWDO
SURWHFWLRQ ,PSDFWV RI LQGXVWULDOLVDWLRQ DQG XUEDQLVDWLRQ VXSHUILFLDO ODQGILOOV DQG GHHS
KD]DUGRXVZDVWHUHSRVLWRULHVRIIHUWLOLVHUVDQGSHVWLFLGHVXVHGLQDJULFXOWXUHRQVRLOURFN
DQGZDWHUPXVW EHPRQLWRUHG DQG UHGXFHG LQ KDUGURFN HQYLURQPHQW WRR&KDUDFWHU RI
JURXQGZDWHUIORZDQGFRQWDPLQDQWWUDQVSRUWDUHGHFLVLYHIRUVLWLQJRIZDVWHUHSRVLWRULHV
¾&OHDU K\GURJHRORJLF XQGHUVWDQGLQJ DQG TXDQWLWDWLYH K\GURJHRORJLF DVVHVVPHQWV DUH
UHTXLUHGGXULQJYDULRXVW\SHVRIJHRWHFKQLFDODQGHQJLQHHULQJJHRORJLFDODFWLYLWLHVDV
FRQVWUXFWLRQ RI WXQQHOV XQGHUJURXQG FDYLWLHV HWF DQG LQ PLQLQJ 2Q WKH RWKHU KDQG
WKHVH GDWD UHSUHVHQW DQ LPSRUWDQW DQG XVHIXO IHHGEDFN WR UHVXOWV SURYLGHG E\ RWKHU
K\GURJHRORJLFPHWKRGRORJLHVDQGWHFKQLTXHV
¾5HVXOWV RI UHFHQWO\ GULOOHG GHHS ERUHKROHV LQ FU\VWDOOLQH URFNV UHRSHQHG WKH LVVXH RI
GHHSVHDWHGJURXQGZDWHUIORZDQGEULQHRFFXUUHQFHVDQGGLVFXVVLRQRQPLQHUDODQG
WKHUPDOZDWHURULJLQWKDWDUHRIWHQFRQQHFWHGZLWKKDUGURFNV
¾,QFUHDVLQJ DPRXQW RI DYDLODEOH GDWD KDYH VWLPXODWHG HIIRUWV WR UHJLRQDOLVH DQG
JHQHUDOLVH UHVXOWV IURP GLIIHUHQW K\GURJHRORJLF HQYLURQPHQWV .QRZOHGJH RI
KLHUDUFK\RILQKRPRJHQHLW\HOHPHQWVDQGRIDVFDOHHIIHFWLQIOXHQFLQJVSDWLDOGLVWULEXWLRQ
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QXPHULFDOPRGHOVRIJURXQGZDWHUIORZDQGVROXWHWUDQVSRUW
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PHWKRGRORJLFDO DSSURDFKHV RIIHU H[FHOOHQW SRVVLELOLWLHV RI FRUUHODWLYH K\GURJHRORJLF
VWXGLHV 7KXV QHZ LPSRUWDQW UHVXOWV DQG FRQFOXVLRQV FDQ EH GUDZQ LQ RUGHU WR
XQGHUVWDQGEHWWHUK\GURJHRORJLFSURSHUWLHVRIURFNVERWKLQORFDODQGUHJLRQDOVFDOHV
,Q WHUPV RI K\GURJHRORJ\ KDUG URFNV UHSUHVHQW D KHWHURJHQHRXV DQG DQLVRWURSLF
JHQHUDOO\YHU\FRPSOH[HQYLURQPHQWZLWKLUUHJXODUGLVWULEXWLRQRISDWKZD\VRIJURXQGZDWHU
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LVVXHV WR EH VROYHG $OVR DGPLQLVWUDWLYH DQG OHJLVODWLYH DSSURDFKHV VKRXOG EH EDVHG RQ
JHQHUDOXQGHUVWDQGLQJDQGNQRZOHGJHRIKDUGURFNK\GURJHRORJ\DQGDGHTXDWHSURIHVVLRQDO
WHUPLQRORJ\
0DQ\ LQWHUQDWLRQDO PHHWLQJV KDYH UHIOHFWHG LQFUHDVLQJ DWWHQWLRQ SDLG WR JURXQGZDWHU LQ
KDUG URFNV ,W ZDV PDLQO\ WKH WK &RQJUHVV RI WKH ,QWHUQDWLRQDO $VVRFLDWLRQ RI
+\GURJHRORJLVWVKHOGLQLQ2VORIRFXVHGGLUHFWO\RQWKHWRSLFRI+\GURJHRORJ\RIKDUG
URFNV %HLQJ DZDUH RI WKH LPSRUWDQFH RI WKLV VSHFLILF HQYLURQPHQW ,$+ HVWDEOLVKHG WKH
&RPPLVVLRQ RQ +DUGURFN +\GURJHRORJ\ WKDW VWLPXODWHV LQWHUQDWLRQDO FRRSHUDWLRQ DQG
IDFLOLWDWHH[FKDQJHRILQIRUPDWLRQEHWZHHQK\GURJHRORJLVWVDQGRWKHUVSHFLDOLVWVFRQFHUQLQJ
JURXQGZDWHU LVVXHV LQ KDUG URFNV &RPPLVVLRQ ZHE VLWH ZZZQDWXUFXQLF]LDK RU
ZZZLDKRUJ5HJLRQDO:RUNLQJ*URXSVRIWKH&RPPLVVLRQRUJDQLVHGVHYHQ:RUNVKRSVLQ
(XURSH EHWZHHQ  7KH ODVW ,$+ &RQJUHVVHV LQ &DSH 7RZQ  LQ 0XQLFK
DQGLQ0DUGHO3ODWDFRQWULEXWHGVLJQLILFDQWO\WRKDUGURFNK\GURJHRORJ\WRR
$IWHUDOO WKHVHDFWLYLWLHV WKH&RQYHQHUVRI WKH&RQIHUHQFHRQ³*URXQGZDWHU LQ)UDFWXUHG
5RFNV´FRQVLGHUXVHIXOWRVXPXSWKHUHVXOWVDFKLHYHGLQWKHODVW\HDUVDQGWRGLVFXVV
PHWKRGRORJLHV DQG WHFKQLTXHV WR EH XVHG LQ WKH IXWXUH $V VXVWDLQDEOH JURXQGZDWHU
GHYHORSPHQWSURWHFWLRQDQGPDQDJHPHQWLQIUDFWXUHGK\GURJHRORJLFHQYLURQPHQWVEHORQJWR
WKHPRVW LPSRUWDQW WDVNVRI WKHSUHVHQWGD\K\GURJHRORJ\ LPSURYHPHQWRIPHWKRGRORJLFDO
DSSURDFKHV EHWWHU XQGHUVWDQGLQJ RI K\GURJHRORJLF SURSHUWLHV ERWK RQ ORFDO DQG UHJLRQDO
VFDOHV DQG NQRZOHGJH RI TXDQWLWDWLYH DQG TXDOLWDWLYH DVSHFWV RI JURXQGZDWHU IORZ ZRXOG
UHSUHVHQWGHFLVLYHVWHSVWRPHHWWKLVDLP
)UDFWXUHG RU NDUVWLILHG FDUERQDWH DQG VRPH RI YROFDQLF URFNV DV ZHOO DV LQGXUDWHG
GHSRVLWV RI K\GURJHRORJLF EDVLQV FDQ RIWHQ EH FKDUDFWHULVHG E\ VLPLODU K\GURJHRORJLF
SURSHUWLHV DV ³KDUG URFNV´ +\GURJHRORJLF OLPLWV EHWZHHQ DOO WKHVH URFNV DUH PRVWO\ QRW
H[DFWO\GHILQDEOHDQGDSSOLHGDSSURDFKHVDQGREWDLQHGH[SHULHQFH LQRQH URFN W\SHPLJKW




&RQIHUHQFH 3URFHHGLQJV DQG RQ WKH &' RQ &' DOVR RSWLRQDO IXOO SDSHUV ZLWKRXW DQ\
GLIIHUHQFHZKHWKHU WKH\ZHUHDFHSWHGDVRUDORUSRVWHUSUHVHQWDWLRQV$OO WKHSUHVHQWDWLRQV








:H ZRXOG OLNH WR WKDQN WKH PHPEHUV RI WKH 6FLHQWLILF $GYLVRU\ &RPPLWWHH DQG RXU
FROOHDJXHV IURP WKH/RFDO2UJDQLVLQJ&RPPLWWHHZKRZLOOLQJO\ JDYH WKHLU H[SHULHQFH WLPH
DQGHQHUJ\WRSUHSDUHWKH&RQIHUHQFH2XUWKDQNVJRDOVRWRRXUVSRQVRUVZKRVXSSRUWHG
WKH&RQIHUHQFH  
:H EHOLHYH WKDW WKH &RQIHUHQFH ZLOO RIIHU JRRG RSSRUWXQLW\ WR FRPSO\ ZLWK DOO RXU
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VRXUFH ,Q PDQ\ DUHDV RI WKH %UD]LOLDQ QRUWKHDVWHUQ UHJLRQ




7KH PHWURSROLWDQ DUHD RI 6mR 3DXOR %UD]LO KDV  PLOOLRQ
LQKDELWDQWV RQ D WHUULWRU\ RI  NP *URXQGZDWHU UHVRXUFHV
SOD\ D FHQWUDO UROH LQ WKH FRPSOHPHQWDU\ VXSSO\ RI WKH SULYDWH
VHFWRUDQGFRQVWLWXWHRIWRWDOFRQVXPSWLRQ
7KH K\GURJUDSKLF EDVLQ RI $OWR 7LHWr RQ ZKLFK WKH
PHWURSROLWDQ UHJLRQ UHVWV HQFRPSDVVHV WKH &U\VWDOOLQH $TXLIHU
6\VWHPPDGHXSRIJUDQLWLFDVZHOODVPHWDPRUSKLFURFNVZLWKD
YDULDEOH SHUPHDELOLW\ GHSHQGLQJ RQ WKH DOWHUDWLRQV RI WKH URFN




,W LV HVWLPDWHG WKDW D ODUJH QXPEHU RI LQGXVWULHV UHVLGHQWLDO
DUHDV DQG RWKHUV XVH DTXLIHU UHVRXUFHV WKURXJK  ZHOOV LQ
RSHUDWLRQ 7KHUH VHHPV WR EH DQ LQFUHDVH DW D UDWH RI 
SHUIRUDWLRQVSHU\HDUGXHWRWKHKLJKIHHVRQZDWHUVHUYLFHZKLFK
OHDGV LQ VRPH FDVHV WR DPRUWLVH D P SHUIRUDWLRQ LQ RQO\ 
PRQWKV 1RZDGD\V WKHUH LV LQWHUIHUHQFH EHWZHHQ ZHOOV DQG D







,W LV DQ LQWUD PRXQWDLQ UDQJH EDVLQ RI  NP ZLWK D
SRSXODWLRQRILQKDELWDQWVDVLGHIURPIURPWKH
LQKDELWDQWVOLYLQJLQWKHFDSLWDOFLW\RI&RORPELD%RJRWD
7KH PDLQ DTXLIHU LV FRPSRVHG RI 1HRJHQH4XDWHUQDU\








P KDYH EHHQ REVHUYHG LQ WKHVH ODVW  \HDUV DV ZHOO DV DQ
H[WHQVLRQRIWKHSXPSLQJFRQHVWRZDUGVWKHSLHGPRQW
7KHZDWHUVRIWKH*XDGDOXSH$TXLIHUDUHFDOFLXPELFDUERQDWH
DW WKHSLHGPRQW DQG VRGLXPELFDUERQDWH LQ WKH DUHDRYHUODLQE\
4XDWHUQDU\VHGLPHQWV
7KHDTXLIHUH[SORLWDWLRQFRXQWVRQZHOOV\LHOGLQJ
KP\HDU RI ZKLFK  KP\HDU FRPH IURP WKH *XDGDOXSH
$TXLIHU5HFKDUJHLVRIKP\HDUGHILQLQJWKHUHE\DSRVLWLYH
EDODQFH RI  KP\HDU ,Q WKH 4XDWHUQDU\ $TXLIHU D EDODQFH
HVWLPDWHG DW ±  KP\HDU LV PDLQWDLQHG LQGLFDWLQJ WKDW LW LV




RULHQWDO&RUGLOOHUD RI WKH 3HUXYLDQ$QGHV DW PDVO7KH
PDLQVRXUFHVRIVXSSO\DUHODJRRQV\LHOGLQJ/VFXUUHQWO\
RYHUH[SORLWHG WKH\DUH UHSRUWLQJDZDWHUGUDZGRZQRIDVPXFK




7KH PDLQ ILVVXUHG DTXLIHU LV  P WKLFN ZLWK
WUDQVPLVVLYLW\UDQJLQJIURPWRVHYHUDOWKRXVDQGVPGD\WKH
UHDO YHORFLW\ UDQJHV IURP  WR  P\HDU DQG WKH IUDFWXUH
GHQVLW\ LV LQ WKH RUGHU RI  IUP:DWHUV DUH RI WKH FDOFLXP
ELFDUERQDWH W\SH JUHDW KDUGQHVV ORZ S+ DQG DFFHSWDEOH
SRWDELOLW\
)LVVXUHGDTXLIHUVDUHWKHPRVWLPSRUWDQWUHJDUGLQJXUEDQDQG
DJULFXOWXUDO H[SORLWDWLRQ XVLQJ KRUL]RQWDO DQG VODQWHG ILOWUDWLQJ
JDOOHULHVZKRVH OHQJWK UDQJHV IURP WRP DQG WKH IORZ
UDWHV YDULHV IURP  WR  /V DOORZLQJ JUDYLW\ VXSSO\ DQG






)UDFWXUHG DTXLIHUV LQ 6RXWK $PHULFD KDYH D FRQVLGHUDEOH
JURXQGZDWHUSRWHQWLDOVRPHWLPHVUHSUHVHQWLQJWKHRQO\VRXUFHRI
SRWDEOH ZDWHU DYDLODEOH 1HYHUWKHOHVV H[SORLWDWLRQ XQGHUWDNHQ
ZLWKRXWSURSHUPDQDJHPHQWDQGH[SORUDWLRQWHFKQLTXHVOHDGWRD
KLJKQXPEHURIXQVXFFHVVIXOZHOOV
*URXQGZDWHU IURP IUDFWXUHG URFNV SUHVHQWV JHQHUDOO\ JRRG
TXDOLW\ ZLWK ORZ PLQHUDOL]DWLRQ ,PSRUWDQW H[FHSWLRQV DUH WKH
FU\VWDOOLQH URFNV LQ WKH QRUWKHDVWHUQ DULG UHJLRQ RI %UD]LO
IUHTXHQWO\ ZLWK KLJK 7'6 DQG VRPH ZDWHUV IURP EDVDOW ODYD
IORZVLQWKHZHVWHUQSDUWRIWKDWFRXQWU\ZKLFKHYHQWXDOO\KDYH
KLJKIOXRULGHFRQWHQWVOHDGLQJWRIOXRURVLVLQVRPHDUHDV
7KH NQRZOHGJH RI WKH K\GURG\QDPLF DQG K\GURFKHPLFDO
DVSHFWVRIWKHIUDFWXUHGDTXLIHUVLQ6RXWK$PHULFDLVLQVXIILFLHQW
VR LW LV QHFHVVDU\ WR LPSURYH WKH VWXG\ RI WKHLU SRWHQWLDOV
LQDVPXFKDVJURXQGZDWHUFRPLQJIURPWKHVHDTXLIHUVFRQVWLWXWHV







ILVXUDGRV GHO 9DOOH &XVFR PHGLDQWH JDOHUtDV ILOWUDQWHV SDUD
DEDVWHFLPLHQWR SREODFLRQDO ,Q 3URF  &RQJUHVR
/DWLQRDPHULFDQR GH +LGURORJtD 6XEWHUUiQHD 0RQWHYLGHR
8UXJXD\




GH SRoRV WXEXODUHV HP URFKDV EDViOWLFDV GD IRUPDomR 6HUUD
*HUDO $QQDOV  &RQJ %UDV ÈJXDV 6XEWHUUkQHDV  $%$6
6DOYDGRU%UD]LOLQSRUWXJXHVH
&RVWD:'  $JXD VXEWHUUDQHD QR %UDVLO XP HQIRTXH QD
UHJLDR VHPLDULGD 7DOOHU $JXDV 6XEWHUUiQHDV \ *HVWLyQ
,QWHJUDGD GH 5HFXUVRV +tGULFRV *OREDO :DWHU 3DUWQHUVKLS 
,1$0HQGR]D$UJHQWLQDSS
+LUDWD 5 )HUUDUL /& )HUUDUL /05 3HGH 0  /D
H[SORWDFLyQGHODVDJXDVVXEWHUUiQHDVHQODFXHQFDKLGURJUiILFD
GHO $OWR 7LHWH 6DR 3DXOR %UDVLO FUyQLFD GH XQD FULVLV
DQXQFLDGD%ROHWtQ*HROyJLFR\0LQHUR



















ZLWK D ZLGH UDQJH RI FKHPLFDO FRPSRVLWLRQ DQG PRGH RI




PDWWHU IORZLQJ RQ WKH ODQG VXUIDFH EXW DOVR DV KRW DVKIORZV
IOXLGLVHG E\ KLJK WHPSHUDWXUH JDVHV LJQLPEULWHV DV URFN
IUDJPHQWVWKURZQLQWRWKHDLUS\URFODVWVDQGDVKIDOORULQWRWKH
ZDWHU K\DORFODVWLWHV%XW WKH SLOLQJ XS RI YROFDQLFPDWWHU DOVR
LQFOXGH LQWUXVLYH ERGLHV RIPROWHQ RU SDUWLDOO\PROWHQPDWHULDOV
WKDWKDYHQRWIORZHGWRWKHVXUIDFHDQGDIWHUFRROLQJIRUPG\NHV
DQGLQWUXVLRQVGHEULVIURPWKHYROFDQLFHGLILFHVGHVWUXFWLRQVXFK
DV ODKDULF IRUPDWLRQV RFFDVLRQDO LQWHUEHGGHG VHGLPHQWV DQG
SDODHRVRLOV
'HSHQGLQJ RQ WKH W\SH RI YROFDQLVP DQG GLVWDQFH WR WKH
DFWLYHDUHDVWKHSURSRUWLRQRIWKHGLIIHUHQWFRQVWLWXHQWVYDU\IURP
WKH GRPLQDQFH RI S\URFODVWV QHDU H[SORVLYH YROFDQRHV WR WKH
SLOLQJRIRQO\ODYDVDZD\IRUPWKHHPLVVLRQFHQWUHV







RQO\ PP IRU GLVWDQW DVKIDOO GHSRVLWV $OVR WKHVH XQLWV PD\
LQFOXGHPDQ\GLIIHUHQWURFNW\SHVVXFKDVKDUGODYDVZLWKVFRULD
DQG EUHFFLD DQG WXIID EH FURVVHG E\ G\NHV RU LQWUXGHG E\
LJQHRXVERGLHV DQGSUHVHQWEDFNHGSDOHRVRLOVDQGVHGLPHQWVRQ
WKHWRSDQGDWWKHERWWRP




EXEEOHV RU WKH FUDFNLQJ SURGXFHG E\ WKH IORZ RI KDOILQGXUDWHG
ODYDV DQG WR VKULQN DQG IORZ ILVVXUHV LQ WKH FRROLQJ KRWPDVV
7KH\ IRUPDFRPSOH[DQLVRWURSLF WKUHHGLPHQVLRQDOQHWZRUNRI
VWRUDJH DQG SHUPHDEOH IHDWXUHV ZKRVH KRPRJHQHRXV
UHSUHVHQWDWLYH YROXPH VL]H LQVLGH D JLYHQ IRUPDWLRQPD\ EH RI
WHQVWRDIHZKXQGUHGPHWUHV
7KLV SULPDU\ K\GURJHRORJLF SURSHUWLHV DUH QRW IRXQG LQ
FODVVLFDO KDUGURFNV H[FHSW IRU WKH ZHDWKHUHG ]RQH 7KLV ]RQH
ZKLFK LV D IUDFWLRQ RI D PHWUH WR D IHZ GHFDPHWUHV WKLFN LV





ZHDWKHU WKH YROFDQLF URFNV LQWR D YHU\ ORZ SHUPHDELOLW\ PDVV
DQGFRDWDQGILOOILVVXUHVDQGYRLGVZLWKQHRJHQLFPLQHUDOV
$OVR FRRO ZDWHU PD\ DOWHU WKH ILQH JURXQGHG YLWUHRXV DVK
S\URFODVWV DQG EUHFFLDV LQWR D ORZ SHUPHDELOLW\ PDVV EXW WKH
KDUGFRPSDFWSDUWVPD\UHPDLQIUHVK
7KHVHSURFHVVHVDUHDOVRGLIIHUHQW IURPFODVVLFDOKDUGURFNV
HYHQ IURPPHWDPRUSKLFRQHV VLQFH WKH\ UHVSRQG WRGRPLQDQWO\
UHJLRQDOHIIHFWV
9ROFDQLF URFNV DUH SURQH WR VHFRQGDU\ ILVVXULQJ GXH WR
UHJLRQDOVWUHVVXQORDGLQJDQGIDXOWLQJDVGRFODVVLFDOKDUGURFNV




,W FDQEH VDLG WKDW WKLFNYROFDQLF IRUPDWLRQVDSSURDFKKDUG
URFNV ZLWK D PRUH RU OHVV SHUPHDEOH DQG SRURXV PDWUL[ EXW
ZLWKRXW D ZHOOGHILQHG VHWV RI ILVVXUHV VRPHWLPHV ZLWK D
GHFUHDVHGYHUWLFDOSHUPHDELOLW\DQGDQLPSRUWDQWGUDLQDJHHIIHFW
RI IDXOWV DQG G\NHDVVRFLDWHG ILVVXUHV ,Q ORZ SHUPHDELW\
























+DUG URFN RXWFURSV DUHZLGHO\ H[WHQGHG LQ WKH YDULRXV SDUWV RI
WKHZRUOGDQGFRYHUDERXWRIWKHODQGVXUIDFH8QWLODIHZ
WHQV RI \HDUV DJR QRW PXFK LPSRUWDQFH KDG EHHQ JLYHQ WR
GHYHORSJURXQGZDWHUIURPKDUGURFNGXHWREHOLHIWKDWLWVZDWHU
SRWHQWLDOZDVQLORUQHJOLJLEOH
7KH UDSLG LQFUHDVH RI WKH ZRUOG SRSXODWLRQ HVSHFLDOO\ LQ
$IULFD DQG $VLD FRXSOHG ZLWK SHULRGLF GURXJKWV DIIHFWLQJ
H[WHQVLYHVXEGHVHUWDUHDVRI$IULFDDQGWKHLQWURGXFWLRQRIPRUH
HIILFLHQW DQG FKHDSHU GULOOLQJ WHFKQRORJ\ ERRVWHG WKH ZHOO
GULOOLQJ SURJUDPV LQ PDQ\ FRXQWULHV 7KH 8QLWHG 1DWLRQV KDYH
JUHDWO\FRQWULEXWHGZLWKQXPHURXVJURXQGZDWHUSURMHFWVLQPRUH
WKDW $IULFDQ FRXQWULHV WR DFTXLUH D EHWWHU NQRZOHGJH RI WKH




WKH\ DUH IUDFWXUHG RU ZHDWKHUHG 7KH FRQFHSW RI DTXLIHU LV
WKHUHIRUHUHODWHGWRWKHVWUXFWXUDODVSHFWVRIWKHKDUGURFNVPRUH
WKDQWRWKHLUSURSULHWLHVDVJURXQGZDWHUFRQGXFWRUV7KHWHFWRQLF
IDFWRUV DUH WKHUHIRUH RI PXFK LPSRUWDQFH DV LQGLFDWRUV RI
SRWHQWLDO JURXQGZDWHU ERG\ LQ KDUG URFN 7KH IUDFWXUHV RIWHQ
KLJKO\GHYHORSHGDORQJWKHIDXOWOLQHVDQGWKHHIIHFWRIPHWHRULF
DFWLRQ GHWHUPLQH WKH K\GUDXOLF FKDUDFWHULVWLFV RI WKHVH URFNV
EHLQJ WKH SULPDU\ SRURVLW\ QHDUO\ QLO7KHUHIRUH WKH SRVVLELOLW\
WKDW WKH LJQHRXV DQG PHWDPRUSKLF URFNV DFW DV DTXLIHUV LV LQ
FRQQHFWLRQZLWKWKHH[LVWHQFHRIIUDFWXUHOLQHVWKDWLQWHUVHFWHDFK
RWKHU DQG ZLWK KLJKO\ ZHDWKHUHG JUDQLWH URFNV ZKLFK DFW DV D
SRURXVPHGLD
$ VWDWLVWLF HYDOXDWLRQ RI WKH W\SH RI IUDFWXUHV DQG RI WKHLU
RULJLQ PD\ KHOS WR LGHQWLI\ SRVVLEOH JURXQG ZDWHU RFFXUUHQFH
$Q\ W\SH RI V\VWHP RI IUDFWXUHV DQG ILVVXUHV RIWHQ WHQGV WR
GHFUHDVHDQGHQGVXSVHDOLQJRIIFRPSOHWHO\7KHUHDUHKRZHYHU














PD\ EH GLYLGHG LQ XSSHU GHHSO\ ZHDWKHUHG DQG ORZHU ILVVXUHG
ZKLFK LV LQ PRVW FDVHV WKH PDMRU ZDWHU EHDULQJ SDUW RI WKH
FU\VWDOOLQH URFN WDSSHG E\ WKH UXUDO YLOODJH RI PDQ\ $IULFDQ
FRXQWULHV*URXQGZDWHU LQ WKH ORZHVW ]RQH RFFXUVRQO\ LQGHHS
RFFDVLRQDOILVVXUHV
7KHPDLQZDWHUEHDULQJ]RQHLVFKDUDFWHULVHGLQPRVWFDVHV








7KH JURXQGZDWHU FRQGLWLRQV DQG WKH GULOOLQJ UHVXOWV RI IRXU
$IULFDQFRXQWULHV/LEHULD8JDQGD6RPDOLDDQG0DXULWDQLDZLWK




,Q /LEHULD :HVW $IULFD ZKHUH UDLQIDOO UDQJHV EHWZHHQ 
PP\HDU DORQJ WKH ERUGHUZLWK*XLQHD WR PP\HDU DORQJ
WKH FRDVW JHRPRUSKRORJ\ LV OHVV LPSRUWDQW 6KDOORZ KDQG GXJ
ZHOOV HYHQ LI ORFDWHG LQ ZDWHUVKHG DUHDV FDQ VXSSO\ VPDOO
DPRXQWRIZDWHUVRIDUDVWKH\KDYHSHQHWUDWHGWKLFNODWHULWLFRU
ZHDWKHUHG URFN FRYHU ([SHULHQFH KRZHYHU KDV VKRZQ WKDW LQ
VSLWH RI WKH KLJK UDLQIDOO RQO\  RXW RI  ERUHKROHV
 GULOOHG LQ WKH ODWH VHYHQWLHV IRU UXUDO YLOODJHV ZDWHU
VXSSO\ZHUHVXFFHVVIXOO\HTXLSSHGZLWKSXPSVZHUHGU\
KDG FDYLQJLQ SUREOHPV DQG  KDG RWKHU SUREOHPV 7KH
VXFFHVVIXOERUHKROHVZLWKGHSWKUDQJLQJIURPWRPZHUH
ORFDWHGPDLQO\LQORZO\LQJDUHDVZKHUHZDWHUZDVPHWLQODWHULWLF
PDWHULDO DQG LQ ZHDWKHUHG DQG IUDFWXUHG URFN %RUHKROHV ZLWK
GHSWK OHVV WKDQ P IRXQG OLWWOHZDWHU RI ERUHKROHVZLWK
DYHUDJHGHSWKRI PRIZKLFKPSHQHWUDWHG WKHEHGURFN
KDG VXEVWDQWLDO \LHOG  RI WKH ERUHKROHV \LHOGHG OLWWOHZDWHU
)DLOODFH7KH IRXU WHVWGULOOLQJ IRU=XHGUX:DWHU6XSSO\
ZLWKGHSWKVIURPWRPKDGD\LHOGUDQJLQJIURPWR
/V
'HHSHU ERUHKROHV GULOOHG IRU WKH ZDWHU VXSSO\ RI VL[ WRZQV
JDYH EHWWHU UHVXOWV ,Q IDFW LQ  ERUHKROHV WKDW SHQHWUDWHG
GHHS LQ JQHLVV VFKLVWV DQG RWKHUPHWDPRUSKLF URFNV WKDW FRYHU
WKDWFRXQWU\JURXQGZDWHUFRQGLWLRQVZHUHUDWKHUJRRGFRPSDUHG
WR RWKHU $IULFDQ FRXQWULHV ,Q SDUWLFXODU  ERUHKROHV ZLWK DQ
DYHUDJH GHSWK RI  P GULOOHG LQ %XFKDQDQ IRU GRPHVWLF DQG
LQGXVWULDO SXUSRVHV KDG DQ DYHUDJH \LHOG RI  /K 6L[
DGGLWLRQDO H[SORUDWRU\ ERUHKROHV GULOOHG IRU VDPH WRZQ KDG DQ
DYHUDJH\LHOGRI/K%RUHKROHQZDVSXPSWHVWHGZKHQ
LWV GHSWK ZDV  P REWDLQLQJ  /K LW ZDV VXEVHTXHQWO\
GHHSHQHG WR P DQG LW ZDV REWDLQHG D \LHOG RI  /K
*URXQGZDWHUFRQGLWLRQVKRZHYHUYDU\IURPSODFHWRSODFHDQG
HYHQZLWKLQVKRUWGLVWDQFHV
7KH DYHUDJH VSHFLILF FDSDFLW\ RI ZHOOV LQ %KXFKDQDQ ZDV
 PKP ZLWK D UDQJH EHWZHHQ  DQG PKP
*.:  1R RQH RI WKH GHHS ERUHKROHV ZDV UHSRUWHG GU\
7KH EHVW UHVXOWV ZHUH REWDLQHG LQ FRDUVH JUDLQHG OD\HUHG
FU\VWDOOLQH URFNV ZKHUH JURXQG ZDWHU FDQ EH IRXQG LQ PRUH
SHUPHDEOHOD\HUVDFWLQJDVDTXLIHUV7KHUHODWLRQRIJURXQGZDWHU
WR VWUXFWXUH DQG WRSRJUDSK\ LV TXLWH LPSRUWDQW EHFDXVH VXFK
IHDWXUHVDUHRIWHQLQGLFDWLQJWKHSHUPHDEOHSDUWRIWKHFU\VWDOOLQH











PP UDQJLQJ IURP WR PP\HDU ,Q WKH ODWH VL[WLHV WKH





RI RQH FDVH ZLWK ZDWHU HQWU\ EHORZ  P :DWHU IURP GHHS
ZDWHU HQWULHV LV RIWHQ XQGHU VXEDUWHVLDQ FRQGLWLRQV :DWHU
LQIORZV IURP QRQLQWHUFRQQHFWHG ILVVXUHV DUH RIWHQ PDUNHG E\
DEUXSWFKDQJHRIWKHZDWHUOHYHOZKLOHGULOOLQJ)DLOODFH
7KHEHVWDYHUDJH\LHOGDQGVSHFLILFFDSDFLWLHVZHUHREWDLQHG
EHWZHHQ  DQG PKRZHYHU FRQVLGHULQJ WKHRYHUDOO UHVXOWV
WKH RSWLPXP GHSWK RI WKH ZHOOV LQ WKH PHWDPRUSKLF URFNV RI
.DUDPRMDOLHVEHWZHHQDQGP
7KHERUHKROHVZHUHORFDWHGLQILYHGLIIHUHQWJHRPRUSKRORJLF
SRVLWLRQV IODW YDOOH\ ULYHUVLGH IODW SHGLPHQW SHGLPHQW
ZDWHUVKHGZLWK DQ DYHUDJH \LHOG RI     DQG
/KUHVSHFWLYHO\,QPRVWFDVHVWKHJRRGUHVXOWVZHUHGXHWR
GHHSZHDWKHULQJRIWKHEDVHPHQWURFNRYHUODLGE\DOOXYLDOFRYHU
7KH \LHOG RI ZHOOV ZDV YHU\ YDULDEOH ODUJH GLIIHUHQFH LQ \LHOG
RFFXUUHGLQERUHKROHVORFDWHGDWRQO\DIHZPHWUHVDSDUWDOWKRXJK
EHLQJ GULOOHG LQ VLPLODU FRQGLWLRQV 7KLV VKRZV WKDW WKH W\SH RI
ZHDWKHULQJDQGVWUXFWXUDO IHDWXUHV UDWKHU WKDQ WR URFN OLWKRORJ\
GHWHUPLQHV ZDWHUEHDULQJ SURSHUWLHV RI PHWDPRUSKLF URFN DQG
FU\VWDOOLQHURFNVLQJHQHUDO
5HVLVWLYLW\SURILOLQJDQGVRXQGLQJVPHWKRGVSURYHG WREHRI
OLWWOH XVH DV ILVVXUH V\VWHPV FRXOG QRW EH GHWHFWHG DQG WKH WUXH





7KH ³%XU 5HJLRQ´ RI 6RPDOLD LV D ODUJH SHQHSODLQ RI DERXW
 NP ZLWK LQVHOEHUJ RI JUDQLWH DQG JUDQLWHJQHLVV URFNV
³EXUV´ DQG HURGHG PHWDPRUSKLF URFNV 7KH DYHUDJH \HDUO\
UDLQIDOOLVPP\HDU7KHEHVWK\GURJHRORJLFDOFRQGLWLRQVDUH
DORQJ WKH WHPSRUDULO\ ZDWHUFRXUVHV ³ZDGLV´ ZKHUH QXPHURXV
RSHQZHOOVWDSZDWHUIURPDOOXYLDOGHSRVLWVDQGZHDWKHUHGURFNV
:DWHUTXDOLW\LVJHQHUDOO\SRRUEXWSHRSOHDQGOLYHVWRFNDFFHSWLW
VDOLQLW\ LQFUHDVHV UDSLGO\ MXVW DW VKRUW GLVWDQFH IURP WKH ³VDQG
ULYHU´FRXUVHV
7KHLUUHJXODUGLVWULEXWLRQRIWKHZDWHUOHYHOVLQZHOOVDQGWKH
UDSLG FKDQJH LQ FKHPLFDO FRPSRVLWLRQ LQ QHLJKERXULQJ ZHOOV
UHIOHFW WKH GLVFRQWLQXLW\ RI WKHVH VPDOO ORFDOO\ UHFKDUJHG
JURXQGZDWHU ERGLHV 2SHQ ZHOOV LQ WKH KHDGZDWHU RI VRPH
VWUHDPVPD\\LHOGZDWHUZLWKKLJKHUVDOLQLW\WKDQWKRVHORFDWHGLQ
WKHLQWHUPHGLDWHVHFWLRQV
'ULOOLQJ LQ WKH %XU 5HJLRQ KDV SURYHG WR EH GLIILFXOW DQG
H[SHQVLYH DV ZDWHU LQ IUDFWXUHG URFN FDQ EH IRXQG LQ VPDOO
DPRXQW DQG RIWHQ KDV D KLJK VDOLQLW\ 7KH VPDOO IUHVK ZDWHU
EHDULQJ OHQVHV DW WKH EDVH RI WKH ³EXUV´ DUH UHOLDEOH VRXUFHV IRU
VPDOOFRPPXQLWLHVGXULQJVHYHUHZDWHUVKRUWDJH)DLOODFH





,Q :HVWHUQ 0DXULWDQLD FKDUDFWHULVHG E\ H[WUHPHO\ DULG
FRQGLWLRQV ZLWK D UDLQIDOO RI RQO\  PP\HDU KDYH EHHQ
LGHQWLILHG IRXU PDLQ VLWWLQJV IDYRXUDEOH WR RFFXUUHQFH RI
JURXQGZDWHU IRRWKLOO G\NHV WHFWRQLF GLVWXUEDQFH GHSUHVVLRQ
ORFDWHG LQ FORVHG GUDLQDJH 'LMRQ  7KH GHSWK RI WKH
ERUHKROHVGULOOHGPDLQO\LQJUDQLWHDQGJQHLVVURFNVUDQJHGIURP
WRPDQDYHUDJHP'ULOOLQJUHVXOWVZHUHYHU\SRRU
LQ $PVDJD RQO\  RI WKH ERUHKROHV VWUXFN ZDWHU %RUHKROH
\LHOG UDQJHG EHWZHHQ  WR PKRXU*URXQGZDWHU LQPRVW






)URP WKH RYHUDOO DQDO\VHV RI WKH JURXQGZDWHU FRQGLWLRQV
SUHYDLOLQJ LQ KDUG URFNV FRYHULQJ PDQ\ $IULFDQ FRXQWULHV WKH
IROORZLQJJHQHUDOFRQFOXVLRQVFDQEHGUDZQ
 5HJLRQDOKDUGURFNDTXLIHUVLQPRVWFDVHVGRQRWH[LVW





 7KH SUREDELOLW\ WR PHHW ZDWHUEHDULQJ ILVVXUHV GHFUHDVHV
ZLWKGHSWKRIZHOO
 %RUHKROH\LHOGIURPIUDFWXUHGURFNVLVJHQHUDOO\ORZLWFDQ
KRZHYHU VDWLVI\ WKH ZDWHU UHTXLUHPHQWV RI VPDOO YLOODJHV
DQGIRUZDWHULQJOLYHVWRFNV
 :HOOGHSWKLQKDUGURFNPD\UDQJHIURPWRPHWHUV
 3URPLVLQJ K\GURJHRORJLFDO FRQGLWLRQV DUH ORFDWHG DORQJ
ULYHU EDQNV RI ZHOOGHILQHG QDUURZ DOOXYLDO SODLQV ZKHUH
KLJK \LHOG ERUHKROHV PD\ VWUXFN ZDWHUEHDULQJ DOOXYLDO
GHSRVLWV DQG WKLFN ZHDWKHUHG DQG IUDFWXUHG KDUG URFN
%RUHKROHVRSHQZHOOVDQGLQILOWUDWLRQJDOOHULHVDUHWKHPDLQ










RI WKH RSWLPXP GHSWK RI ZHOOV LQ PHWDPRUSKLF URFNV RI
.DUDPRMD 8JDQGD3URFHHGLQJV RI  FRQJU ,QWHUQ 6XOOH
DFTXHVRWWHUUDQHH3DOHUPR,WDO\
)DLOODFH & :DWHU TXDOLW\ GDWD ERRN RI 6RPDOLD*HQHUDO
5HSRUW*7=(VFKERUQ*HUPDQ\
)DLOODFH &  (YDOXDWLRQ RI WKH UXUDO ZDWHU SURJUDPPH LQ
/LEHULD ,QWHUQDO UHSRUW 81 /LU :DWHU 5HVRXUFHV
3ROLF\0DQDJHPHQWDQG/HJLVODWLRQ0RQURYLD/LEHULD




















7KH VRXWKHUQ SDUW RI WKH 6LQDL 3HQLQVXOD (J\SW LV EXLOW RI
FU\VWDOOLQH EDVHPHQW URFNV OLNH JUDQLWHV DQG JDEEURV DQG
PHWDPRUSKLF URFNVZKLFK DUH FXW E\ DFLG DQGEDVLFGLNHV7KH
DYHUDJHDQQXDOSUHFLSLWDWLRQLVDERXWPP7KH%HGRXLQVOLYLQJ
LQ WKLV UHJLRQ REWDLQ WKHLU ZDWHU E\ H[FDYDWLQJ ZHOOV LQWR WKH
DOOXYLXP ILOOLQJ WKH ULYHUEHGV DQG XWLOL]LQJ WKH ZDWHU IURP WKH
VPDOO VSULQJV LVVXLQJ IURP WKH ILVVXUHG FU\VWDOOLQH URFNV 7KH\
HPHUJH RQ WKH FRQWDFW EHWZHHQ WKH ILVVXUHG SHUPHDEOH DQG WKH
QRQSHUPHDEOH QDPHO\ NDROLQL]HG DFLG URFNV DORQJ IDXOWV DQG
FRQWDFWV ZLWK GLNHV RU ZHDWKHUHG JDEEURLWLF URFNV :KHQ WQH
VSULQJVGU\RXWWKH%HGRXLQVGLJLQWRWKHILVVXUHGURFNVWRORFDWH
WKH IUDFWXUHVZKLFKVXSSOLHG WKHZDWHU WR WKHVSULQJV7R ORFDWH
GULHG RXW VSULQJV WKH\ NQRZ WR WUDFH WKH FDOFDUHRXV WUDYHUWLQH
OD\HU GHSRVLWHG E\ WKH VSULQJ:KHQ VXFK D FUXVW LV IRXQGRQ D
IUDFWXUH LQ WKH FU\VWDOOLQH URFN WKH IUDFWXUH LV IROORZHG WR WKH
SRLQWZKHUHWKHKDUGJUDQLWHRUSRUSK\U\URFNLVWUDYHUVHGE\VRIW
EDVLF GLNHV XVXDOO\ GHFRPSRVHG LQWR FOD\ $ VKDIW LV WKHQ GXJ





7KHVH PHWKRGV UHPLQG XV RI WKH %LEOLFDO VWRU\ RI 0RVHV
VWULNLQJWKHURFNLQRUGHUWRREWDLQZDWHUIRUWKHWKLUVW\&KLOGUHQ
RI ,VUDHO RQ WKHLU ZD\ WR WKH 3URPLVHG /DQG 6XFK D SUDFWLFH
ZRXOG KDYH ORRNHG PLUDFXORXV WR SHRSOH FRPLQJ IURP D ODQG
ZKHUHWKHRQO\VRXUFHRIZDWHUZDVIURPWKH1LOHWKHFDQDOVDQG
WKHVKDOORZZHOOVGXJDORQJLWVEDQNV




,VUDHO DUULYHG DIWHU FURVVLQJ WKH 6HD RI5HHGV ,QWHUHVWLQJO\ WKH
ZDWHUWKDWHPHUJHVHYHQWRGD\IURPWKHGHHSIRVVLODTXLIHUVRIWKH
1XELDQ 6DQGVWRQH LQ WKH6LQDL DQG1HJHY'HVHUWV KDYH D ELWWHU
WDVWHGXHWRWKHFRQWHQWRIPDJQHVLXPVXOIDWH0J62(SVRPRU
(QJOLVK VDOW LQ DGGLWLRQ WR RUGLQDU\ VDOW VRGLXP FKORULQH DQG
J\SVXP FDOFLXP VXOIDWH 7KXV WKH GHVFULSWLRQ RI WKH ZDWHU DV
ELWWHU SURYLGHV RQH RI WKH ILUVW K\GURFKHPLFDO UHSRUWV LQ WKH
KLVWRU\RIFKHPLVWU\7KH ODVWLQJPHPRU\RI WKLV WDVWH IRUPDQ\
FHQWXULHV IURP D SODFH IDU GLVWDQW IURP WKH FDUDYDQ URDG
FRQQHFWLQJ&DQDDQDQG(J\SWDOVRLQGLFDWHVDYHU\DQFLHQWRULJLQ
IRUWKHURRWRIWKHVWRU\RIWKLVVSULQJ
7KH VFLHQWLILF LQYHVWLJDWLRQV RI (J\SWLDQ SDS\UHH DQG RWKHU
DUFKDHRORJLFDO HYLGHQFH FRXOG QRW XS WR GDWH FRQILUP WKH
%LEOLFDOVWRU\DERXW0RVHVDQGWKHVWRU\RI([RGXV<HWUHDGLQJ
WKH VWRU\RI WKHZDQGHULQJRI WKH&KLOGUHQRI ,VUDHO WKURXJK WKH
6LQDLDQGHVSHFLDOO\WKHVWRULHVDERXWWKHELWWHUVSULQJWKHKLWWLQJ
WKHURFNWRJHWZDWHUDVZHOODVRWKHU³HQYLURQPHQWDO´LQFLGHQWV
SXVKHV WR WKH FRQFOXVLRQ WKDW WKHVH VWRULHV FRQWDLQ D IDFWXDO






























)ORZ V\VWHPV LQ IUDFWXUHG URFNV DUH FRPSOH[ DQG GLIILFXOW WR
GHVFULEH 7KLV LV PDLQO\ GXH WR WKH IDFW WKDW WKH SHUPHDELOLW\
GLVWULEXWLRQRI IUDFWXUHGFU\VWDOOLQH URFNV LVYHU\KHWHURJHQHRXV
UDQJHVRYHUPDQ\RUGHUVRIPDJQLWXGHVDQGWKDWRQPDQ\VFDOHV
RQO\ IHZ KLJKO\ FRQGXFWLYH SDWKZD\V FRQWURO WKH WRWDO
JURXQGZDWHUIORZLQWKHURFNPDVVHJ/RQJHWDO/RHZ
 )LJ VKRZV DQ H[DPSOH IURP V\VWHPDWLF WXQQHO LQIORZ
PHDVXUHPHQWV LQ WKH*RWWKDUG+LJKZD\ 7XQQHO RI WKH ([WHUQDO
&U\VWDOOLQH 0DVVLIV LQ WKH 6ZLVV $OSV ,Q RUGHU WR GHVFULEH
JURXQGZDWHU IORZ LQ VXFK V\VWHPV KLJKO\ FRQGXFWLYH SDWKZD\V
PXVW HLWKHU EH GHWHFWHG RU UHOLDEO\ SUHGLFWHG DQ H[WUHPHO\
GLIILFXOW WDVN RU WUHDWHG LQ D SUREDELOLVWLF IUDPHZRUN HJ
5D\PHU+RZHYHURQ WKH VFDOHRIKXQGUHGV WR WKRXVDQGV
RIPHWHUVZKLFKLVWKHUHOHYDQWVFDOHIRUPDQ\SUDFWLFDOSUREOHPV




$QWKURSRJHQLF LPSDFWV RQ VXFK IORZ V\VWHPV FDQ EH
GHVFULEHGE\FKDQJHVLQ'DUF\IOX[DQGDGYHFWLYHIORZGLUHFWLRQ
6XFK LPSDFWV REYLRXVO\ VSDQ D KXJH UDQJH ERWK LQ VFDOH DQG
PDJQLWXGHGHSHQGLQJRQ WKHPDJQLWXGHRIVWUHVV WKDW LVDSSOLHG
RQGLIIHUHQW W\SHVRIJHRORJLFDO VHWWLQJV6SDWLDOO\H[WHQGHGDQG
ODUJHKHDGFKDQJHVRI ORQJGXUDWLRQ OHDG WRVWURQJVWUHVVHVRQD
JURXQGZDWHU V\VWHP JHRORJLFDO KHWHURJHQHLW\ K\GUDXOLF
GLIIXVLYLW\ WLPHDQGERXQGDU\FRQGLWLRQVFRQWURO WKHPDJQLWXGH
DQG H[WHQW RI WKH UHVXOWLQJ LPSDFW RQ WKH IORZ V\VWHPV )RU
H[DPSOHVWURQJLPSDFWVRQQDWXUDOIORZV\VWHPVUHVXOWIURPGHHS
DQG XQOLQHG H[FDYDWLRQV LQ KLJK SHUPHDELOLW\ URFN PDVVHV
ZKHUHDVORZOHYHOLPSDFWVUHVXOWIURPVXUIDFHH[FDYDWLRQVLQORZ
SHUPHDELOLW\ HQYLURQPHQWV )LJ VKRZV KRZ D GHHS WXQQHO LQ
FU\VWDOOLQHURFNVDIIHFWVWKHODUJHVFDOHJURXQGZDWHUIORZV\VWHP
7KHK\GUDXOLFKHDGFRQWRXUV LQ)LJDUH UHVXOWV IURPD'IUHH
VXUIDFH JURXQGZDWHU PRGHO DQG DUH FRPSDWLEOH ZLWK






&KDQJHV LQ JURXQGZDWHU KHDG WUDQVODWH LQWR IOXLG SUHVVXUH
FKDQJHVWKDWOHDGWRPRGLILFDWLRQVRIHIIHFWLYHVWUHVVHVDQGLQGXFH
VXEVWDQWLDO URFN PDVV GHIRUPDWLRQV 6XFK ODUJHVFDOH K\GUR
PHFKDQLFDOO\FRXSOHG SURFHVVHV DUH ZHOO NQRZQ IURP ZHDN
VHGLPHQWV EXW FDQ DOVR EH REVHUYHG LQ KDUG IUDFWXUHG URFN
PDVVHV )LJ ULJKW VKRZV D ODUJH  NLORPHWUHV ORQJ
VHWWOHPHQWWURXJKPHDVXUHGDWJURXQGVXUIDFHWKDWKDVGHYHORSHG
WRPHWHUVDERYHWKHWXQQHODQGWKDWZDVLQGXFHGE\WKH
PRVW LPSRUWDQW WXQQHO LQIORZ PHDVXUHG DORQJ WKH *RWWKDUG
+LJKZD\ 7XQQHO 'HWDLOHG LQYHVWLJDWLRQV LQWR WKH PHFKDQLVPV
UHVSRQVLEOH IRU WKH VHWWOHPHQW WURXJK DERYH WKH *RWWKDUG
+LJKZD\ 7XQQHO KDYH VKRZQ WKDW ERWK WKH EULWWOH IUDFWXUHV


QRUPDO DQG VKHDU GHIRUPDWLRQ DQG WKH HODVWLFPDWUL[ EHWZHHQ
WKHIUDFWXUHVFRQWULEXWHWRZDUGVVXUIDFHVXEVLGHQFH=DQJHUOHWDO
 7KH FRQWUROOLQJ WXQQHO LQIORZ FRUUHVSRQGV WR D XQLTXH
IDXOWVWUXFWXUHLQWKH*RWWKDUG0DVVLIWKDWVWULNHVSHUSHQGLFXODUWR
WKH WXQQHO DQG GLSV VWHHSO\ WR WKH VRXWK (YHQ EHIRUH WXQQHO
FRQVWUXFWLRQ IORZ LQ WKDW IDXOW FUHDWHG D VWURQJ SRVLWLYH
WHPSHUDWXUHDQRPDO\XSZDUGGLUHFWHGJURXQGZDWHUIORZZKLFK
ZDV QRW UHYHUVHG E\ WKH GUDLQLQJ WXQQHO EXW LQVWHDG LQFUHDVHG
7ULWLXP +H DQG $U UDGLRJHQLF FRQFHQWUDWLRQV RI WXQQHO






IUHHVXUIDFH JURXQGZDWHU PRGHO LQ FU\VWDOOLQH URFNV ZLWKRXW
WXQQHO F DQG ZLWK WXQQHO E 'LVWULEXWHG UHFKDUJH DW




VHWWLQJV FDQ KDYH RWKHU VHULRXV VXUILFLDO LPSDFW VXFK DV WKH









ZDVWH GLVSRVDO V\VWHPV KHDG FKDQJHV LQGXFHG EH ODUJH
XQGHUJURXQGH[FDYDWLRQVDUHRIVPDOODUHDOH[WHQW%XWDOVRKHUH
LQGLUHFW FRXSOHG HIIHFWV RI DQWKURSRJHQLF LPSDFWV FDQ EH
VXEVWDQWLDO 2QH LPSRUWDQW H[DPSOH DUH ([FDYDWLRQ 'LVWXUEHG
=RQHV ('= DURXQG GULIWV FDYHUQV DQG VKDIWV ZLWK K\GUDXOLF






)LJXUH  6XUIDFH VSULQJV SURMHFWHG RQWR WKH ORQJLWXGLQDO
SURILOH RI WKH 2EHUJHVWHOQ GULIW *RWWKDUG 0DVVLI




SULPDULO\ LQ UHVSRQVH WR WKH FKDQJLQJ VWUHVV ILHOG DQG RIWHQ
FRQWDLQVDGHQVHSDWWHUQVRIQHZO\JHQHUDWHGPLFURDQGPDFUR
IUDFWXUHV WKDW FRQQHFW WR IRUP FRQGXFWLYH QHWZRUNV 7KH
IRUPDWLRQRIVXFKIUDFWXUHVDQGWKHLUSURSHUWLHVHJSHUVLVWHQFH
LV LQIOXHQFHGQRWRQO\E\WKHLQLWLDODQGLQGXFHGVWUHVVILHOGEXW
DOVR E\ JHRORJLFDO PHFKDQLFDO KHWHURJHQHLWLHV VWUHVV
FRQFHQWUDWRUV DW YDULRXV VFDOHV DQG WKH K\GURPHFKDQLFDO
FRXSOLQJ EHWZHHQ WKH LQWDFW PDWUL[ DQG SURSDJDWLQJ IUDFWXUHV
6LPLODU SURFHVVHV DOVR RFFXU DORQJ VPDOOHU W\SHV RI VXEVXUIDFH
H[FDYDWLRQVLHERUHKROHVVNLQHIIHFWV
&KDQJHV LQ IUDFWXUH WUDQVPLVVLYLW\ DQG HIIHFWLYH K\GUDXOLF
FRQGXFWLYLW\PRGLI\DGYHFWLYHJURXQGZDWHUIORZDQG WKHIDWHRI
FRQWDPLQDQWVLQPRVWJHRORJLFDOVHWWLQJV7KHRQO\H[FHSWLRQVDUH






/RQJ -&6 .DUDVDNL . 'DYH\ $ 3HWHUVRQ - /DQGVIHOG 0
.HPHQ\ - 0DUWHO 6  $Q ,QYHUVH $SSURDFK WR WKH
&RQVWUXFWLRQ RI )UDFWXUH +\GURORJ\ 0RGHOV &RQGLWLRQHG E\
*HRSK\VLFDO'DWD$Q([DPSOH IURPWKH9DOLGDWLRQ([HUFLVHV
DW WKH 6WULSD 0LQH ,QW -5RFN 0HFK 0LQ 6FL 	 *HRPHFK
$EVWUDFW
/RHZ6 $OS7UDQVLW (QJLQHHULQJ JHRORJ\ RI WKHZRUOG¶V
ORQJHVW WXQQHO V\VWHP 3URFHHGLQJV RI *HR(QJ DQ
LQWHUQDWLRQDO FRQIHUHQFH RQ JHRWHFKQLFDO DQG JHRORJLFDO
HQJLQHHULQJ0HOERXUQH7HFKQRPLF3XEOLVKLQJ&R
/RHZ 6  1DWXUDO JURXQGZDWHU SDWKZD\V DQG PRGHOV IRU
UHJLRQDO JURXQGZDWHU IORZ LQ FU\VWDOOLQH URFNV ,Q 6HLOHU.3
:RKQOLFK6HGV3URF;;;,,$+&RQJUHVV1HZ$SSURDFKHV











=DQJHUO & (EHUKDUGW ( /RHZ 6  *URXQG VHWWOHPHQWV
DERYH WXQQHOV LQ IUDFWXUHGFU\VWDOOLQH URFNQXPHULFDODQDO\VLV
















$ E V W U D F W   +\GURJHRORJLF SUREOHPV LQ IUDFWXUHG URFN RIWHQ UHTXLUH WKH FKDUDFWHUL]DWLRQ RI JURXQGZDWHU IORZ DQG FKHPLFDO
WUDQVSRUWRYHUGLVWDQFHVWKDWUDQJHIURPPHWHUVWR¶VRINLORPHWHUV,QWKHJUDQLWHDQGVFKLVWXQGHUO\LQJWKH0LUURU/DNHZDWHUVKHGLQ











+\GURJHRORJLF SUREOHPV LQ IUDFWXUHGURFN DTXLIHUV IURP ZDWHU
VXSSO\WRJURXQGZDWHUUHVWRUDWLRQRIWHQUHTXLUHFKDUDFWHUL]DWLRQ
RIJURXQGZDWHU IORZDQGFKHPLFDO WUDQVSRUWRYHUGLVWDQFHV WKDW
UDQJHIURPPHWHUVWR¶VRINLORPHWHUV%HFDXVHRIWKHH[WUHPH
YDULDELOLW\ LQ K\GUDXOLF SURSHUWLHV DQG WKH FRPSOH[ FRQQHFWLYLW\
RIIUDFWXUHVIRUPDWLRQSURSHUWLHVWKDWJRYHUQIOXLGPRYHPHQWDQG
FKHPLFDO WUDQVSRUW PD\ YDU\ DV D IXQFWLRQ RI WKH SK\VLFDO
GLPHQVLRQVRIWKHSUREOHP7KLVSDSHULQYHVWLJDWHVWKHPDJQLWXGH
RI K\GUDXOLF FRQGXFWLYLW\ GLVSHUVLYLW\ DQG HIIHFWLYH PDWUL[
GLIIXVLRQIURPH[SHULPHQWVFRQGXFWHGRQFRUHVLQVLWXK\GUDXOLF
DQGWUDFHUWHVWVDQGUHJLRQDOLQWHUSUHWDWLRQVRIJURXQGZDWHUIORZ






7KH0LUURU/DNHZDWHUVKHG KDV EHHQ D VLWH RIPXOWLGLVFLSOLQDU\
DQGPXOWLVFDOHLQYHVWLJDWLRQVRIJURXQGZDWHUIORZDQGFKHPLFDO
WUDQVSRUW LQ IUDFWXUHG URFN +VLHK HW DO  6KDSLUR HW DO
 ,Q WKH0LUURU /DNH DUHD EHGURFN LV RYHUODLQ E\ JODFLDO
GULIW ZKLFK YDULHV LQ WKLFNQHVV IURP  WR DSSUR[LPDWHO\ 
PHWHUV P 7KH EHGURFN LV SULPDULO\ VFKLVW WKDW KDV EHHQ
H[WHQVLYHO\ LQWUXGHG E\ JUDQLWH 6DPSOHV RI JUDQLWH DQG VFKLVW
KDYHSRURVLWLHV WKDW UDQJH IURP WRSHUFHQW  :RRGHWDO







7KH K\GUDXOLF FRQGXFWLYLW\ RI IUDFWXUHV DQG WKH EXON K\GUDXOLF




DQG +VLHK  7KH K\GUDXOLF FRQGXFWLYLW\ RI IUDFWXUHV DV
HVWLPDWHG IURP WKH VLQJOHKROH WHVWV UDQJHV IURP WKH GHWHFWLRQ
OLPLW RI WKH LQ VLWX HTXLSPHQW ZKLFK LV DSSUR[LPDWHO\ 
PHWHUVSHUVHFRQGPVWRPV6KDSLURDQG+VLHK
+VLHKDQG6KDSLURDQG+VLHKHWDOFRQGXFWHG
VHYHUDO PXOWLSOHKROH K\GUDXOLF WHVWV E\ SXPSLQJ ZDWHU IURP D
SDFNHGRII LQWHUYDORIRQHEHGURFNERUHKROH DQGPRQLWRULQJ WKH
IOXLG SUHVVXUH LQ GULIW SLH]RPHWHUV DQG SDFNHGRII LQWHUYDOV LQ
EHGURFNERUHKROHVGLVWULEXWHGRYHUDSSUR[LPDWHO\DKHFWDUH7KH
LQWHUSUHWDWLRQ RI WKHVH WHVWV LQGLFDWHG WKDW KLJKO\ SHUPHDEOH
IUDFWXUHVIRUPVXEKRUL]RQWDO]RQHVWKDWKDYHODWHUDOGLPHQVLRQVRI
PKRZHYHUWKHIUDFWXUHVWKDWFRPSULVHWKHVH]RQHVDUHQRW
VXEKRUL]RQWDO 7KH ]RQHV RI KLJKO\ SHUPHDEOH IUDFWXUHV DUH
FRQQHFWHG K\GUDXOLFDOO\ WKURXJK D QHWZRUN RI OHVV SHUPHDEOH
IUDFWXUHV 7KH QHWZRUN RI OHVV SHUPHDEOH IUDFWXUHV FRQWUROV WKH
EXONK\GUDXOLFFRQGXFWLYLW\RI WKH URFNZKLFK LVDSSUR[LPDWHO\
 PV DERXW  RUGHUV RI PDJQLWXGH OHVV WKDQ WKH K\GUDXOLF
FRQGXFWLYLW\RIWKHPRVWSHUPHDEOHIUDFWXUHVLQWKHURFNYROXPH
2YHUDSSUR[LPDWHO\VTXDUHNLORPHWHUVNPLQWKH0LUURU
/DNH DUHD WKH EXON K\GUDXOLF FRQGXFWLYLW\ RI WKH URFN ZDV
HVWLPDWHG XVLQJ D UHJLRQDO JURXQGZDWHU IORZ PRGHO 7KH
PHDVXUHGK\GUDXOLFKHDGLQEHGURFNERUHKROHVDQGSLH]RPHWHUVLQ




EXON K\GUDXOLF FRQGXFWLYLW\ DV HVWLPDWHG IURP DTXLIHU WHVWV WKDW
DIIHFWHG DSSUR[LPDWHO\DKHFWDUH7KLV LQGLFDWHV WKDW FRQGXFWLYH
IUDFWXUHVDUHQRWFRQWUROOLQJJURXQGZDWHU IORZRYHUGLPHQVLRQV
RIWKHZDWHUVKHGDQGWKHEXONK\GUDXOLFFRQGXFWLYLW\RIWKHURFN


















SRURVLW\ RI WKH URFN D LV D IRUPDWLRQ IDFWRU UHODWHG WR WKH
WRUWXRVLW\DQGLQWHUFRQQHFWLYLW\RIWKHSULPDU\SRURVLW\'ZLVWKH
GLIIXVLRQ FRHIILFLHQW RI WKH GLVVROYHG FRQVWLWXHQW LQ ZDWHU DQG
'UP LV WKH HIIHFWLYH GLIIXVLRQ FRHIILFLHQW RI WKH GLVVROYHG
FRQVWLWXHQWLQWKHURFN7KHGLVSHUVLYLW\DQGWKHHIIHFWLYHPDWUL[
GLIIXVLRQ ZHUH HVWLPDWHG IURP WKH LQWHUSUHWDWLRQ RI FRQWUROOHG
ODERUDWRU\ DQG ILHOGVFDOH WUDFHU WHVWV DQG WKH LQWHUSUHWDWLRQ RI
FRQFHQWUDWLRQVRIHQYLURQPHQWDOWUDFHUVLQJURXQGZDWHU
,QGLIIXVLRQH[SHULPHQWVFRQGXFWHGLQVDPSOHVRIJUDQLWHDQG
VFKLVW IURP WKH 0LUURU /DNH DUHD :RRG HW DO  XVHG
&HVLXP&VDVDWUDFHU&VLVKLJKO\UHWDUGHGKRZHYHU
RQFH WKH UHWDUGDWLRQ ZDV FRQVLGHUHG WKH HIIHFWLYH GLIIXVLRQ
FRHIILFLHQW'UPZDVVLPLODULQPDJQLWXGHWRUHVXOWVRIWUDFHUWHVWV





WKXV FKHPLFDO GLIIXVLRQ LV WKH RQO\ PHFKDQLVP IRU FKHPLFDO
PLJUDWLRQDQGGLVSHUVLRQLVQRWFRQVLGHUHG
7UDFHU WHVWV ZHUH FRQGXFWHG EHWZHHQ EHGURFN ERUHKROHV
XQGHU K\GUDXOLFDOO\ VWUHVVHG FRQGLWLRQV E\ SXPSLQJ IURP D
SDFNHGRIILQWHUYDOLQRQHERUHKROHDQGLQMHFWLQJDWUDFHUVROXWLRQ
LQWR D SDFNHGRII LQWHUYDO LQ D QHDUE\ ERUHKROH 6KDSLUR 
%HFNHUDQG6KDSLUR7KH WUDFHU WHVWVZHUHFRQGXFWHG LQD




'UP ZHUH DW OHDVW HTXDO WR RU JUHDWHU WKDQ WKH FRHIILFLHQW RI
GLIIXVLRQIRU WKHGLVVROYHGFRQVWLWXHQW LQZDWHUZKLFKLVVHYHUDO
RUGHUV RI PDJQLWXGH ODUJHU WKDQ HVWLPDWHV RI 'UP IURP WKH
ODERUDWRU\H[SHULPHQWVFRQGXFWHGRQURFNVDPSOHV
,Q JHQHUDO 'UP VKRXOG QRW EH JUHDWHU WKDQ WKH GLIIXVLRQ
FRHIILFLHQWRIWKHGLVVROYHGVSHFLHVLQZDWHUKRZHYHUIRUWKHLQ
VLWX WUDFHU H[SHULPHQWV'UP ZDV HVWLPDWHG WR SURYLGH D EHVW ILW
ZLWKWKHPHDVXUHGWUDFHUFRQFHQWUDWLRQVDWWKHSXPSHGZHOO7KH
ODUJHHIIHFWLYHPDWUL[GLIIXVLRQ LVK\SRWKHVL]HG WREHDQDUWLIDFW
RI WKH H[WUHPH YDULDELOLW\ LQ WKH K\GUDXOLF SURSHUWLHV RI WKH
IUDFWXUHV 6KDSLUR  $GYHFWLRQ IURP KLJKO\ SHUPHDEOH
IUDFWXUHV WR ORZ SHUPHDELOLW\ IUDFWXUHV UHVXOWV LQ FKHPLFDO
DGYHFWLRQ RYHU D VKRUW GLVWDQFH LQ DQ H[WHQGHG SHULRG RI WLPH
EHIRUH UHHPHUJLQJ LQWR D KLJKO\ SHUPHDEOH IUDFWXUH DJDLQ 7KLV
SURFHVVLVDQDORJRXVWRDGLVVROYHGFRQVWLWXHQWGLIIXVLQJLQWRDQG
RXW RI DQ LPPRELOH IOXLG VXFK DV WKDW LQ WKH URFNPDWUL[ DQG
WKXV WKHSURFHVVLVDQDORJRXVWRGLIIXVLRQHYHQWKRXJKLWVWHPV
IURPWKHYDULDELOLW\LQWKHIOXLGDGYHFWLRQ
2YHU GLVWDQFHV RI NLORPHWHUV WKH FRQFHQWUDWLRQV RI
HQYLURQPHQWDO WUDFHUV PHDVXUHG LQ JURXQG ZDWHU ZHUH XVHG WR
HVWLPDWH WKH WUDQVSRUW SURSHUWLHV LQ WKH EHGURFN 6KDSLUR 
LQWHUSUHWHG WKH FRQFHQWUDWLRQV RI WULWLXP + DQG
GLFKORURGLIOXRURPHWKDQH &)& LQ ZDWHU VDPSOHV FROOHFWHG
IURPSDFNHGRII LQWHUYDOV LQEHGURFNERUHKROHVDQGSLH]RPHWHUV
LQ WKH JODFLDO GULIW WKURXJKRXW WKH 0LUURU /DNH DUHD 6KDSLUR
VKRZHGWKDW'UPZDVDWOHDVWPVDQGWKHGLVSHUVLYLW\
ZDV DSSUR[LPDWHO\  P ZKLFK LV D IUDFWLRQ RI WKH WUDYHO
GLVWDQFH RI UHJLRQDO VFDOH WUDQVSRUW 7KH ODUJH HIIHFWLYH PDWUL[
GLIIXVLRQ RYHU WUDYHO GLVWDQFHV UDQJLQJ IURP ¶V RIPHWHUV WR
NLORPHWHUVLVDJDLQK\SRWKHVL]HGWREHDQDUWLIDFWRIWKHH[WUHPH






(VWLPDWHV RI K\GUDXOLF FRQGXFWLYLW\ LQ IUDFWXUHG URFN RYHU
LQFUHDVLQJO\ ODUJHU GLPHQVLRQV FDQ SURYLGH LQVLJKW LQWR WKH
FRQQHFWLYLW\ RI KLJKO\ SHUPHDEOH IUDFWXUHV $W WKH0LUURU /DNH
VLWH LQ FHQWUDO 1HZ +DPSVKLUH 86$ WKH EXON K\GUDXOLF
FRQGXFWLYLW\ RI WKH URFN GRHV QRW DSSHDU WR LQFUHDVH IURP
LQWHUSUHWDWLRQVFRYHULQJ¶VRIPHWHUVWRNLORPHWHUV,QFRQWUDVW
WKH GLVSHUVLYLW\ DQG WKH HIIHFWLYH PDWUL[ GLIIXVLRQ WKDW FRQWURO
FKHPLFDO PLJUDWLRQ LQFUHDVH DV D IXQFWLRQ RI WKH SUREOHP
GLPHQVLRQ 7KH IRUPDWLRQ SURSHUWLHV WKDW FKDUDFWHUL]H SURFHVVHV
RIFKHPLFDOPLJUDWLRQDUHGHSHQGHQWRQWKHYDULDELOLW\LQWKHIOXLG
YHORFLW\ 2YHU GLVWDQFHV RI ¶V RI PHWHUV WR NLORPHWHUV WKHUH






%HFNHU 0: 6KDSLUR $0  7UDFHU WUDQVSRUW LQ IUDFWXUHG
FU\VWDOOLQH URFN²(YLGHQFH RI QRQGLIIXVLYH EUHDNWKURXJK
WDLOLQJ:DWHU5HVRXUFHV5HVHDUFK
*HOKDU /::HOW\& 5HKIHOGW.5 $ FULWLFDO UHYLHZ RI
GDWD RQ ILHOGVFDOH GLVSHUVLRQ LQ DTXLIHUV :DWHU 5HVRXUFHV
5HVHDUFK
+VLHK 3$  6FDOH HIIHFWV LQ IOXLG IORZ WKURXJK IUDFWXUHG
JHRORJLFPHGLD,Q6SRVLWR*HG6FDOH'HSHQGHQFHDQG6FDOH
,QYDULDQFH LQ +\GURORJ\ &DPEULGJH 8QLYHUVLW\ 3UHVV
&DPEULGJH8.
+VLHK 3$ 6KDSLUR $0  +\GUDXOLF FKDUDFWHULVWLFV RI
IUDFWXUHGEHGURFNXQGHUO\LQJ WKH)6(ZHOO ILHOG DW WKH0LUURU
/DNHVLWH*UDIWRQ&RXQW\1+,Q0RUJDQZDOS':$URQVRQ
'$ HGV86*HRORJLFDO6XUYH\7R[LF6XEVWDQFHV+\GURORJ\
3URJUDP3URFHHGLQJV RI WKH 7HFKQLFDO 0HHWLQJ &RORUDGR
6SULQJV &2 6HSWHPEHU   86 *HRORJLFDO 6XUYH\
:DWHU5HVRXUFHV,QYHVWLJDWLRQV5HSRUW
+VLHK 3$ 6KDSLUR $0 %DUWRQ && +DHQL )3 -RKQVRQ &'
0DUWLQ&:3DLOOHW)/:LQWHU7&:ULJKW'/0HWKRGV
RI FKDUDFWHUL]LQJ IOXLG PRYHPHQW DQG FKHPLFDO WUDQVSRUW LQ
IUDFWXUHG URFN ,Q &KDQH\ -7 +HSEXUQ -& HGV )LHOG 7ULS
*XLGHERRN IRU 1RUWKHDVWHUQ 8QLWHG 6WDWHV Y  *HRORJLFDO
6RFLHW\RI$PHULFD%RXOGHU&255
+VLHK 3$ 6KDSLUR $0 7LHGHPDQ &5  &RPSXWHU
VLPXODWLRQRI IOXLG IORZ LQ IUDFWXUHG URFNVDW WKH0LUURU/DNH
)6( ZHOO ILHOG ,Q 0RUJDQZDOS ': %X[WRQ +7 HGV 86
*HRORJLFDO 6XUYH\ 7R[LF 6XEVWDQFHV +\GURORJ\ 3URJUDP
3URFHHGLQJV RI WKH 7HFKQLFDO 0HHWLQJ &KDUOHVWRQ 6RXWK
&DUROLQD 0DUFK  9ROXPH  RI 6XEVXUIDFH
&RQWDPLQDWLRQ IURP 3RLQW 6RXUFHV 86 *HRORJLFDO 6XUYH\
:DWHU5HVRXUFHV,QYHVWLJDWLRQV5HSRUW&
2KOVVRQ < 1HUHWQLHNV ,  /LWHUDWXUH VXUYH\ RI PDWUL[
GLIIXVLRQWKHRU\DQGRIH[SHULPHQWVDQGGDWDLQFOXGLQJQDWXUDO
DQDORJXHV 6ZHGLVK 1XFOHDU )XHO DQG :DVWH 0DQDJHPHQW
FRPSDQ\6.%6WRFNKROP7HFKQLFDO5HSRUWSS
6KDSLUR$0(VWLPDWLRQRIHIIHFWLYHSRURVLW\LQIUDFWXUHG
FU\VWDOOLQH URFNE\FRQWUROOHGWUDFHU WHVWV ,Q6WHYHQV35DQG
1LFKROVRQ 7- HGV -RLQW 86 *HRORJLFDO 6XUYH\ 86 1XFOHDU
5HJXODWRU\ &RPPLVVLRQ RQ 5HVHDUFK 5HODWHG WR /RZ/HYHO
5DGLRDFWLYH:DVWH'LVSRVDO0D\1DWLRQDO&HQWHU
5HVWRQ 9LUJLQLD 3URFHHGLQJV 86 *HRORJLFDO 6XUYH\:DWHU
5HVRXUFHV,QYHVWLJDWLRQV5HSRUW
6KDSLUR$0(IIHFWLYHPDWUL[GLIIXVLRQLQNLORPHWHUVFDOH
WUDQVSRUW LQ IUDFWXUHG FU\VWDOOLQH URFN :DWHU 5HVRXUFHV
5HVHDUFK
6KDSLUR $0 +VLHK 3$  +RZ JRRG DUH HVWLPDWHV RI
WUDQVPLVVLYLW\IURPVOXJWHVWVLQIUDFWXUHGURFN"*URXQG:DWHU

6KDSLUR $0 +VLHK 3$ +DHQL )3  ,QWHJUDWLQJ
PXOWLGLVFLSOLQDU\ LQYHVWLJDWLRQV LQ WKH FKDUDFWHUL]DWLRQ RI
IUDFWXUHG URFN ,Q 0RUJDQZDOS ': %X[WRQ +7 HGV 86
*HRORJLFDO 6XUYH\ 7R[LF 6XEVWDQFHV +\GURORJ\ 3URJUDP
3URFHHGLQJV RI WKH 7HFKQLFDO 0HHWLQJ &KDUOHVWRQ 6RXWK
&DUROLQD 0DUFK  9ROXPH  RI 6XEVXUIDFH
&RQWDPLQDWLRQ IURP 3RLQW 6RXUFHV 86 *HRORJLFDO 6XUYH\
:DWHU5HVRXUFHV,QYHVWLJDWLRQV5HSRUW&
7LHGHPDQ &5 *RRGH '- +VLHK 3$  &KDUDFWHUL]LQJ D
JURXQG ZDWHU EDVLQ LQ D 1HZ (QJODQG PRXQWDLQ DQG YDOOH\
WHUUDLQ*URXQG:DWHU
:RRG :: 6KDSLUR $0 +VLHK 3$ &RXQFHOO 7% 
2EVHUYDWLRQDO H[SHULPHQWDO DQG LQIHUUHG HYLGHQFH IRU VROXWH
GLIIXVLRQ LQ IUDFWXUHG JUDQLWH DTXLIHUV ([DPSOHV IURP WKH
0LUURU/DNHZDWHUVKHG*UDIWRQ&RXQW\1+,Q0RUJDQZDOS
': $URQVRQ '$ HGV 86 *HRORJLFDO 6XUYH\ 7R[LF
6XEVWDQFHV+\GURORJ\3URJUDP3URFHHGLQJVRI WKH7HFKQLFDO




















$ E V W U D F W  $UHVHDUFKLQLWLDWLYHIXQGHGE\WKH*HUPDQ6FLHQFH)RXQGDWLRQ')*ZDVODXQFKHGLQWRLQYHVWLJDWHIORZDQG
WUDQVSRUWSURFHVVHVLQIUDFWXUHGURFNV7KHUHVHDUFKFRQFHSWLVEDVHGRQWKHVRFDOOHG$TXLIHU$QDORJXHDSSURDFKZKLFKLQYROYHVWKDW
ZHOO GHILQHG VDPSOHV IURP VDQGVWRQH RXWFURSV TXDUULHV RI GLIIHUHQW IRUPDWV DUH DVVXPHG WR FRQVWLWXWH UHDOLVWLF UHSUHVHQWDWLRQV RI









WR GHVFULEH TXDQWLWDWLYHO\ DW ILHOG VFDOH'XH WR WKH JHRPHWULFDO
LUUHJXODULW\RIWKHMRLQWVILVVXUHVDQGIUDFWXUHVWKHKLJKK\GUDXOLF
FRQGXFWLYLW\ FRQWUDVWEHWZHHQ IUDFWXUHVDQG URFNPDWUL[DQG WKH
JHQHUDOO\ KLJKHU PRQLWRULQJ FRVWV RQO\ YHU\ IHZ ZHOO
GRFXPHQWHG VLWHV H[LVW 7KH PDMRULW\ RI WKHVH VLWHV KDV EHHQ
LQVWUXPHQWHGIRUWKHSXUSRVHRILGHQWLILFDWLRQRIVXLWDEOHQXFOHDU
ZDVWH UHSRVLWRULHV DQG WKH\ DUH FRQVHTXHQWO\ ORFDWHG LQ ORZ WR
YHU\ORZSHUPHDELOLW\PRVWO\FU\VWDOOLQHURFNV
+RZHYHU IUDFWXUHG URFN V\VWHPV IRUPLQJ UHOHYDQW DTXLIHUV
VKRZ VRPH YHU\ GLIIHUHQW FKDUDFWHULVWLFV )UHTXHQWO\
FRQVROLGDWHG VDQG VLOW RU FOD\VWRQHV ZLWK PXOWLSOH IUDFWXUH
SRURVLW\IHDWXUHVSUHYDLO7KHK\GUDXOLFFRQGXFWLYLW\LVJHQHUDOO\
PXFKKLJKHU WKDQ LQ FU\VWDOOLQH URFNV DQG WKHRULJLQDO VHGLPHQW
OD\HULQJDVZHOODVWKHGLDJHQHWLFFHPHQWDWLRQPD\ERWKDIIHFWWKH
GLVWULEXWLRQ RI WKH HIIHFWLYH SRURVLW\ DV ZHOO DV K\GUDXOLF
FRQGXFWLYLW\ +RZHYHU PRVW RI WKH H[LVWLQJ VXEVXUIDFH
LQYHVWLJDWLRQ DQG K\GURJHRORJLFDO DVVHVVPHQW WHFKQLTXHV ZHUH
GHVLJQHG IRUZHOO FRQGXFWLYHXQFRQVROLGDWHGDTXLIHUV DQGD IHZ
WHFKQLTXHV HJ IOXLG ORJJLQJ ZHUH GHYHORSHG WR ZRUN LQ ORZ
SHUPHDELOLW\ HQYLURQPHQWV 7KHUH LV LQ IDFW QR DSSURSULDWH







,Q RUGHU WR LQYHVWLJDWH WKH SULQFLSOH IHDWXUHV RI VXFK V\VWHPV D
UHVHDUFK LQLWLDWLYH IXQGHG E\ WKH *HUPDQ 6FLHQFH )RXQGDWLRQ
')*ZDVODXQFKHGLQDQGLVQRZLQLWVVHYHQWK\HDU7KLV
LQLWLDWLYH LV OHGE\ WKH8QLYHUVLW\RI7ELQJHQDQGVXSSRUWHGE\
UHVHDUFKJURXSV IURP WKH8QLYHUVLWLHVRI$DFKHQ.DUOVUXKHDQG
6WXWWJDUW :KLOH WKH HPSKDVLV RI WKH 7ELQJHQ DQG .DUOVUXKH
JURXSV LV PDLQO\ RQ WKH GHVLJQ RI DSSURSULDWH DQG DGDSWHG
H[SHULPHQWDO WHFKQLTXHV DW WKH ODERUDWRU\ DQG ILHOG VFDOH
FRQFHQWUDWH WKH 6WXWWJDUW DQG WKH $DFKHQ JURXSV RQ WKH






7KH UHVHDUFK FRQFHSW LV EDVHG RQ WKH VR FDOOHG $TXLIHU
$QDORJXH DSSURDFK )LJ ZKLFK LPSOLHV WKDW ZHOO GHILQHG
VDPSOHVIURPVDQGVWRQHRXWFURSVTXDUULHVZHUHXVHGDVUHDOLVWLF
UHSUHVHQWDWLRQ IRU WKRVH VHFWLRQV RI WKH DTXLIHU V\VWHP ZKHUH
DFFHVV LV OLPLWHG WR D IHZ ERUHKROHV )ORZ DQG WUDQVSRUW
SURSHUWLHV RI IUDFWXUHG SRURXV VDQGVWRQH PDWHULDOV ZHUH
GHWHUPLQHG DW GLIIHUHQW VFDOHV DQG DSSURSULDWH PHDVXULQJ
WHFKQLTXHVZHUHGHYHORSHG:HXVHGVDPSOHVZLWKGLPHQVLRQVRI
EHWZHHQ FD P FRUHV DQG P ILHOG EORFN LQ OHQJWK WR
LQYHVWLJDWH WKH PDLQ IHDWXUHV RI WKH V\VWHP LH WKH UHODWLYH
LQIOXHQFHRIWKHIUDFWXUHGV\VWHPDVFRPSDUHGWRWKHSURSHUWLHVRI
WKHSHUPHDEOHSRURXVPDWUL[RQWKHIORZDQGWUDQVSRUWEHKDYLRXU
:H GHVLJQHG YDULRXV GLUHFW HJ K\GUDXOLF DQG SQHXPDWLF DQG
LQGLUHFW HJ JHRSK\VLFDO LQYHVWLJDWLRQ PHWKRGV LQ RUGHU WR
SDUDPHWHULVHWKHV\VWHPDGHTXDWHO\5HVLQFDVWLQJWHFKQLTXHVIRU
H[DPSOH ZHUH HPSOR\HG WR GLVFUHWHO\ GHWHUPLQH IUDFWXUH
GLPHQVLRQV DW WKH FRUH VFDOH JDV IORZ DQG JDV WUDQVSRUW
WRPRJUDSKLFDO H[SHULPHQWDO VHWXSV ZHUH XVHG WR HYDOXDWH WKH
WKUHHGLPHQVLRQDO SURSHUWLHV RI ODUJHVFDOH  Pñ ODERUDWRU\
VDPSOHV'LIIXVLYLW\.6LQYHVWLJDWLRQVVKRZHGWREHH[WUHPHO\
XVHIXO WRHPSKDVLVH WKHK\GUDXOLFFRQGXFWLYLW\FRQWUDVWEHWZHHQ
IUDFWXUHV DQG SHUPHDEOH PDWUL[ DQG WR FDWHJRULVH WKH VDPSOHV
,QYHUVH WHFKQLTXHV DOORZHG WKH GHWHUPLQDWLRQ RI WKH HTXLYDOHQW
FRQWLQXXP WKUHHGLPHQVLRQDO DQLVRWURS\ WHQVRU RI WKH K\GUDXOLF
FRQGXFWLYLW\ IURP WKH H[SHULPHQWDO GDWD LH WKH HVWLPDWLRQ RI
HTXLYDOHQW SDUDPHWHUV 7KH DERYH H[SHULPHQWDO PHWKRGV ZHUH
DOVRHPSOR\HGRQWKHILHOGEORFNDOORZLQJHVWLPDWHVRQWKHHIIHFW
RI WKH VFDOH RI LQYHVWLJDWLRQV RQ WKH HVWLPDWHV RI IORZ DQG
WUDQVSRUW SURSHUWLHV %DVHG RQ WKHVH SDUDPHWHUV YDULRXV
SK\VLFDOO\EDVHGGLVWULEXWHGDQG OXPSHGSDUDPHWHUPRGHOVZHUH
GHYHORSHGWRDQDO\VHWKHH[SHULPHQWDOGDWDDQGDOVRWRSUHGLFWWKH
RXWFRPH RI IXWXUH H[SHULPHQWV H[SHULPHQWDO GHVLJQ 7KHVH




SURFHVVHV 'RXEOH FRQWLQXXP PRGHO LQYHVWLJDWLRQV DVVLVWHG LQ
LGHQWLI\LQJWKHVLPSOHVWHTXLYDOHQWPRGHOWKDWFRXOGUHSUHVHQWWKH
H[SHULPHQWDO GDWD DQG SKHQRPHQRORJLFDO REVHUYDWLRQV VXFK DV
IUDFWXUHJHRPHWULHV
)RU VRPH VFHQDULRV ZH ZHUH DEOH WR FRQGXFW LQGHSHQGHQW
PRGHOYDOLGDWLRQH[HUFLVHV DQGXVHG WKRVH WR UHODWLYHO\ UDQN WKH
PRGHOOLQJFRQFHSWVHPSOR\HG
'HWDLOV DERXW H[SHULPHQWDO DQG PRGHOOLQJ DSSURDFKHV DQG
PHWKRGRORJLHV DV ZHOO DV UHVXOWV FDQ EH IRXQG LQ FRPSDQLRQ
SDSHUVLQWKLVLVVXHLH0F'HUPRWWHWDO%UDXFKOHUHWDO







%UDXFKOHU 5 /LHGO 5 'LHWULFK 3 E ,GHQWLILFDWLRQ RI WKH



































































































• Geometry and anatomy of hydrogeologic bodies 
• Spatial distribution of hydraulic parameters 
• Geologic features: discontinuities, fractures, barriers, aquicludes - hydrogeologic
consequences
• Regional and synthetic studies 













$ E V W U D F W   7UDGLWLRQDOO\K\GUDXOLFFRQGXFWLYLW\KDVEHHQPHDVXUHGXVLQJGRXEOHSDFNHULQMHFWLRQWHVWZLWKFRQVWDQWKHDGRUORQJ
WHUP SXPSLQJ WHVW $ QHZ PHWKRG GLIIHUHQFH IORZ ORJJLQJ GLIIHUHQFH IORZ PHWHU KDV EHHQ LQWURGXFHG ,Q WKH IORZ PHWHU
PHDVXUHPHQW WKH WHVW VHFWLRQ LV LVRODWHG IURP WKH UHVWRI WKHERUHKROHZLWKD VHWRI IOH[LEOH UXEEHUGLVFVDQG WKHGUDZGRZQ LVNHSW
FRQVWDQWDORQJWKHHQWLUHERUHKROHE\SXPSLQJ,QIUDFWXUH]RQHVDQGLQWKHLUYLFLQLW\GRXEOHSDFNHULQMHFWLRQWHVWJLYHVRIWHQDFOHDUO\
KLJKHUYDOXHRIK\GUDXOLFFRQGXFWLYLW\WKDQGLIIHUHQFHIORZORJJLQJRUORQJWHUPSXPSLQJWHVW/RFDORYHUSUHVVXUHXVHGLQ+78WHVWV








7ZR PDLQ PHWKRGV KDYH EHHQ XVHG WR PHDVXUH K\GUDXOLF
FRQGXFWLYLW\LQGHHSERUHKROHVDW2ONLOXRWR,VODQG

x FRQVWDQW KHDG LQMHFWLRQ WHVW ZLWK GRXEOHSDFNHUV ODWHU
+78±+\GUDXOLF7HVWLQJ8QLWHJ.XXVHOD/DKWLQHQ
HWDO+lPlOlLQHQ
x GLIIHUHQFH IORZ ORJJLQJV GLIIHUHQFH IORZ PHWHU HJ
3|OOlQHQDQG5RXKLDLQHQDE5RXKLDLQHQ

,Q DGGLWLRQ ORQJWHUP SXPSLQJ WHVWV KDYH EHHQ SHUIRUPHG LQ
VRPH IUDFWXUH ]RQHV <OLQHQ DQG 9llWlLQHQ  -llVNHOlLQHQ





VWDELOLVH WKH ERUHKROHV DQG WR HQKDQFH WKH IOXVKLQJ ZDWHU




6LQFH  PDLQO\ GLIIHUHQFH IORZ PHWHU KDV EHHQ XVHG
gKEHUJ DQG 5RXKLDLQHQ  7KH PHWKRG LV NQRZQ DV
GLIIHUHQFH IORZ ORJJLQJDQGHLWKHUQRUPDOIORZORJJLQJPRGHRU
WKHGHWDLOHGIORZORJJLQJPRGHFDQEHXVHG7KHGLIIHUHQFHIORZ
PHWHU PHDVXUHV IORZ LQWR RU RXW IURP WKH WHVW VHFWLRQ ZLWKRXW
LQWURGXFLQJDQ\SUHVVXUHGLIIHUHQFHEHWZHHQ WKH WHVW VHFWLRQDQG
WKHUHVWRIWKHERUHKROH7KHERUHKROHZDWHUFDQIORZWKURXJKWKH
WRRO YLD E\SDVV WXEH 7KH WHVW VHFWLRQ LV LVRODWHG ZLWK D VHW RI
IOH[LEOHUXEEHUGLVFVDQGWKHGUDZGRZQLVNHSWFRQVWDQWDORQJWKH
HQWLUH ERUHKROH E\ ORQJWHUP SXPSLQJ IURP  WR  GD\V RU
NHHSLQJWKHZDWHUOHYHOLQWKHERUHKROHDWWKH³QDWXUDO´OHYHO7ZR
GLIIHUHQW K\GUDXOLF KHDG DQG IORZYDOXHV DUHQHHGHG WR LQWHUSUHW
WKHK\GUDXOLFFRQGXFWLYLW\DQGWKHK\GUDXOLFKHDGDURXQGWKHWHVW
VHFWLRQ DFFXUDWHO\ ,I WKH GLVWULEXWLRQ RI WKH KHDG DORQJ GHSWK LV
NQRZQ LQ DGYDQFH RQH IORZ YDOXH LV HQRXJK7KLV WHFKQLTXH LV
XVHGQRUPDOO\ZKHQGHWDLOHGIORZORJJLQJPRGHLVDSSOLHG
7KH LPSURYHG +78WRRO KDV DOVR EHHQ XVHG WR PHDVXUH
PDLQO\WKHYHU\ORZK\GUDXOLFFRQGXFWLYLW\ZKLFKWKHIORZPHWHU
LV QRW FDSDEOH WR GHWHFW 7\SLFDO LQMHFWLRQ DQG UHFRYHU\ SHULRG




%\ WKH HQG RI  LQ WRWDO RYHU  WHVW VHFWLRQV PZHUH
PHDVXUHGZLWKWKH+78WRRODQGDURXQGZLWKWKHGLIIHUHQFH
IORZPHWHUDWWKH2ONLOXRWRVLWH,QDGGLWLRQWUDQVPLVVLYLW\RIVL[









+\GUDXOLF FRQGXFWLYLWLHV DUH FRQYHUWHG WR WUDQVPLVVLYLWLHV WR
PDNH WKH FRPSDULVRQ EHWZHHQ GLIIHUHQW PHWKRGV DQG VHFWLRQ
OHQJWKV HDVLHU $V DQ H[DPSOH WKH UHVXOWV RI K\GUDXOLF
FRQGXFWLYLW\ PHDVXUHPHQWV XVLQJ WKH +78 DQG GLIIHUHQFH IORZ
ORJJLQJPHWKRGVDVZHOODVRQH7YDOXHRIIUDFWXUH]RQHVEHWZHHQ

































)LJXUH  0HDVXUHG WUDQVPLVVLYLWLHV E\ GLIIHUHQW PHWKRGV LQ
ERUHKROH.5DWGHSWKLQWHUYDORIP

)LUVW WKH UHVXOWV IURP WKH ORQJWHUP SXPSLQJ WHVW VHFWLRQVZHUH
FRPSDUHGZLWKHDFKRWKHUVHH)LJ$VFDQEHVHHQLQ)LJWKH
+78WRRO ZLWK  P WHVW VHFWLRQ JLYHV DOZD\V WKH KLJKHVW
FRQGXFWLYLW\$OVRWKHP+78YDOXHVDUHRIWHQKLJKHUWKDQWKH

































)LJXUH  7UDQVPLVVLYLWLHV RI VRPH PDMRU IUDFWXUH ]RQHV
PHDVXUHGE\GLIIHUHQWPHWKRGV

)LJ VKRZV WKH UHVXOWV IURP ERUHKROH .5 GLYLGHG LQ WZR
JURXSVDYHUDJHO\IUDFWXUHGURFNDQGIUDFWXUH]RQHVLQFOXGLQJ
P DURXQG WKHP ,Q WKH DYHUDJHO\ IUDFWXUHG URFN WKH+78 DQG
GLIIHUHQFH IORZ ORJJLQJ UHVXOWV DUH LQ DFFRUGDQFH ,Q IUDFWXUHG




























+78 LV SUHVHQWHG LQ )LJ ZKHUH WKH UHVXOWV DUH GLYLGHG WR
DYHUDJHO\ IUDFWXUHG URFN DQG IUDFWXUH ]RQHV  P DURXQG
5HVXOWVPHDVXUHGE\+78LQIUDFWXUH]RQHVDUHDYHUDJHO\ILYHWR
VL[WLPHVKLJKHUWKDQYDOXHVREWDLQHGE\GLIIHUHQFHIORZPHWHU,Q
DYHUDJHO\ IUDFWXUHG URFN WKH YDOXHV DJUHH EHWWHU )RU WKH YDOXHV





,Q IUDFWXUH ]RQHV WKH GRXEOHSDFNHU LQMHFWLRQ WHVW +78 RIWHQ
JLYHVDKLJKHUYDOXHRIK\GUDXOLFFRQGXFWLYLW\WKDQWKHGLIIHUHQFH
IORZ ORJJLQJ RU D ORQJWHUP SXPSLQJ WHVW /RFDO RYHUSUHVVXUH
XVHG LQ +78 WHVWV UDWKHU VKRUW LQMHFWLRQ WLPHV DQG IUDFWXUH
QHWZRUN SURSHUWLHV DUH WKH PRVW SUREDEOH H[SODQDWLRQV IRU WKH
REVHUYHG GLIIHUHQFHV $OVR SRVVLEOH VKRUWFLUFXLWV EHWZHHQ WHVW
VHFWLRQV DQG WKH ERUHKROH PD\ FRQWULEXWH WR GLIIHUHQFHV LQ WKH
LQWHUSUHWHGFRQGXFWLYLW\,QWKRVHIUDFWXUH]RQHVZKHUHUHVXOWVDUH
LQ DFFRUGDQFH IUDFWXUHV DUH DVVXPHG WR EH SDUDOOHO WR WKH ]RQH
RULHQWDWLRQ DQG WKH IORZ GXULQJ WKH WHVWV LV UDGLDO UHVXOWLQJ LQ
VLPLODU YDOXHV RI K\GUDXOLF FRQGXFWLYLW\ 7KLV LV DOVR WKH FDVH
PRVWO\ LQ WKH DYHUDJHO\ IUDFWXUHG URFN ZKHUH WKH UHVXOWV RI
GLIIHUHQWPHWKRGVDUHXVXDOO\VLPLODU

)LJXUH  1RUPDO SUREDELOLW\ SORWV RI K\GUDXOLF FRQGXFWLYLWLHV






$KRNDV +  6XPPDU\ RI UHVXOWV RI PHDVXUHPHQWV RI
K\GUDXOLF FRQGXFWLYLW\ DQG GLIIHUHQFHV EHWZHHQ GLIIHUHQW
PHWKRGVLQERUHKROHV.5.5DW2ONLOXRWRLQ)LQQLVKZLWK
DQ (QJOLVK DEVWUDFW +HOVLQNL )LQODQG 3RVLYD 2\  S
:RUNLQJUHSRUW
+lPlOlLQHQ+0HDVXUHPHQWVRIK\GUDXOLFFRQGXFWLYLW\DW








.5 LQ )LQQLVK ZLWK DQ (QJOLVK DEVWUDFW +HOVLQNL )LQODQG









5RXKLDLQHQ 3  (OHFWULFDO FRQGXFWLYLW\ DQG GHWDLOHG IORZ
ORJJLQJDWWKH2ONLOXRWRVLWHLQ(XUDMRNLERUHKROHV.5.5
:RUNLQJ5HSRUW3RVLYD2\+HOVLQNL
gKEHUJ $ 5RXKLDLQHQ 3  3RVLYD JURXQGZDWHU IORZ
PHDVXULQJ WHFKQLTXHV +HOVLQNL )LQODQG 3RVLYD 2\  S
326,9$
<OLQHQ $ 9llWlLQHQ $  ,QWHUSUHWDWLRQ RI WKH 
K\GUDXOLF LQWHUIHUHQFH WHVWV DW WKH ILYH 792 VLWHV LQ )LQODQG















$ E V W U D F W   &U\VWDOOLQHDTXLIHUV\VWHPVDUHSUHYDLOLQJRYHURIWKHKXJHVHPLDULGUHJLRQRIWKH6WDWHRI3DUDtEDLQQRUWKHDVWHUQ









7KH 6WDWH RI 3DUDtED LQ WKH HDVWHUQPRVW SDUW RI WKH %UD]LOLDQ
VKLHOGILJKDVDQDUHDRIFD.PRIZKLFKXQGHU
VHPLDULG FRQGLWLRQV ZLWK UDLQIDOO UDWHV EHWZHHQ  DQG 






PLJPDWLWHV EDVHPHQW ³PDVVLIV´ DQG VRPH IROG EHOWV RI PHWD
YROFDQRVHGLPHQWDU\DVVHPEODJHV2QO\.PDUHRFFXSLHG
E\VHGLPHQWDU\URFNV
*HQHUDO JHRPRUSKRORJLFDO IHDWXUHV RI D GLVVHFWHG WDEOHODQGV







$V XVXDO FU\VWDOOLQH URFNV RIPDVVLIV DQG3URWHUR]RLF IROGEHOWV
GLVSOD\RQO\VHFRQGDU\SRURVLWLHVIRUPHGE\GLIIHUHQWIUDFWXUHVLQ
WHUPVRIERWKQDWXUHDQGVKDSH*URXQGZDWHULVVWRUHGDQGFRXOG
SUHVHQW VRPH FLUFXODWLRQ RQO\ DORQJ WKHVH IUDFWXUHV ZLWK JRRG
FRQQHFWLRQV ZLWK WKH K\GURORJLFDO F\FOH 7KLV GHSHQGV XSRQ
PRUSKRORJLFDO IDFWRUV VXFK DV ORZODQGV YDOOH\V ULYHU VWUHDPV
DQG RQ WKH SRVVLELOLW\ RI WKH QHW RI IUDFWXUHV WR DFFRPSOLVK
UHVHUYRLUVZLWK VRPH SHUPHDELOLW\8QGHU WKHVH FRQGLWLRQV WKH\
WHQG WR EH GLVFRQWLQXRXV DQG KHWHURJHQHRXV V\VWHPV ZLWK
YROXPHWULF GLPHQVLRQV YHU\ GLIILFXOW WR EH GHWHUPLQHG D
FKDOOHQJH HYHQ IRU PRVW RI WKH JHRORJLFDO JHRSK\VLFDO UHVHDUFK
PHWKRGV 3DUWLFXODUO\ WKH SUREOHPRIGHHSQHVVRI WKH IUDFWXULQJ
V\VWHP FRQVWLWXWHV DQ RSHQ TXHVWLRQ 7KLV LQIRUPDWLRQ LV
QHFHVVDU\ WRGHILQH WKHGLPHQVLRQDOFKDUDFWHULVWLFVRIVXEVXUIDFH
UHVHUYRLUV RI DOO NLQGV ,Q VSLWH RI WKH GLIILFXOW\ RI PDNLQJ
DEVWUDFWLRQV VXFK DV WKH VRFDOOHG ³UHSUHVHQWDWLYH YROXPH





EDVLQV WKH EHVW XQLWV IRU TXDQWLWDWLYH DQG TXDOLWDWLYH DQDO\VLV
$FWXDOO\WKH\UHSUHVHQWDPRGHVWDPRXQWRIZDWHUUHVRXUFHVDVD
ZKROH DYDLODEOH RQO\ LQ VSHFLDO FRQGLWLRQV RI IDLUSURGXFLQJ
IUDFWXUHG ]RQHV ZKLFK ZRXOG EH EHWWHU QDPHG DV K\GUDXOLF
FRQGXFWRUV DFFRUGLQJ WR *XVWDIVRQ DQG .UDVQ\  DQG









ILHOG REVHUYDWLRQVPDLQO\ RQ H[WHQVLRQDO WHFWRQLFV$ERXW 
ZDWHUZHOOVZHUHGULOOHGLQWKH6WDWHRI3DUDtEDRIWKHPZLWK
VRPH XVHIXO LQIRUPDWLRQ ERWK RQ ZDWHU UHVRXUFHV DQG GULOOLQJ
IHDWXUHV 7KH DQDO\VLV SUHVHQWHG KHUHDIWHU LV EDVHG RQO\ RQ
LQIRUPDWLRQ IURP  ZHOOV FRQVLGHUHG WUXVWIXO SUHVHQWLQJ
SXPSLQJ WHVWV RI DW OHDVW  KRXUV DQG G\QDPLF OHYHO RI WKH
SXPSLQJ WHVW SRVLWLRQHG DERYH WKH GHHSHVW ZDWHU HQWUDQFH WKH
GHHSHVWNQRZQIUDFWXUH
7KHSULQFLSDOGLPHQVLRQDOGDWDXWLOLVHGZDVWKHPDJQLWXGHRI
WKH IUDFWXUHG VXUIDFHV OHQJWK DQG ZLGWK DQG WKHLU GHHSQHVV
7KHVH OLQHDU IHDWXUHV LQ WKHJURXQGVXUIDFH±VRPHKRZIROORZHG
E\ WKH GUDLQDJH ± KDYH E\ IDU EHHQ REVHUYHG IURP UHJLRQDO
JHRORJ\ DHURSKRWR LQWHUSUHWDWLRQV DQG ZLWK VXSSRUW RI
JHRSK\VLFDO VWXGLHV $FWXDOO\ WKHVH OLQHDU IHDWXUHV XVHG DV




WKH IUDFWXUH ]RQHV KDV EHHQ GRQH EXW WKLV LV DQ HTXLYRFDO
SURFHGXUHDFFRUGLQJWRRXUREVHUYDWLRQV7KHZDWHUHQWUDQFHVDUH
± DFFRUGLQJ WR RXU PRGHO ± DGYHQWLWLRXV FRQQHFWLQJ IUDFWXUHV







GHSWK LQWHUYDO EHWZHHQ  DQG  P DERXW  RI WKH ZKROH
DPRXQWZLWKGHFUHDVLQJYDOXHVRIGHSWKIROORZLQJDQDULWKPHWLF
SURJUHVVLRQFORVHRIòUHDVRQ











FDOFXODWLQJ K\GUDXOLF SDUDPHWHUV IURP WKH KHWHURJHQHRXV DQG
FRPSOH[ DTXLIHUV V\VWHPV 7KLV ³PHWKRG RI WKH IUDFWDO VSHFLILF
FDSDFLW\´ LV EDVHG RQ WKH &KDRV 7KHRU\ DQG RQ WKH FRQFHSW RI
)UDFWDOV ,Q WKH 6WDWH RI 3DUDtED  SURGXFWLRQ WHVWV ZHUH
DQDO\VHGUHVXOWLQJLQWKHIROORZLQJDYHUDJHYDOXHVPV
IRUWUDQVPLVVLYLW\WRIRUSRURVLW\DQGWRPV






7KLV EHKDYLRXU LV FRQFHUQHG ZLWK WKH UHODWLRQVKLSV EHWZHHQ WKH
DTXLIHU]RQHV K\GUDXOLFFRQGXFWRUVDQG WKHK\GURORJLFDOF\FOH
SDUWLFXODUO\ZLWK WKH VPDOOZDWHU VWUHDPV WKDW DUH VXSHUSRVHG WR
WKHP7KHVHUHODWLRQVKLSVDUHPDWHULDOLVHGLQWHUPVRIWKHQDWXUDO
SURFHVVHVRIUHFKDUJHFLUFXODWLRQDQGGLVFKDUJH
$FFRUGLQJ WR RXU VWXGLHV LQ WKH KLJK FRXUVHV RI WKH3DUDtED
5LYHU WKHUHFKDUJHLVGRQHRQO\GXULQJWKHUDLQ\SHULRGZKHQD
PLQRUSDUWRIWKHUXQRIILVORVWE\LQILOWUDWLRQ7KLVLQIRUPDWLRQLV
REWDLQHG E\ OLPQLJUDSKV SRVLWLRQHG LQ WXEXODU ZHOOV ORFDWHG DW
WKHPDUJLQVRIFUHHNVFRQWUROOHGE\IUDFWXUHVVRFDOOHG³ULDFKRV




VWUHDP VXSHUSRVHG WR WKH DTXLIHU ]RQH DQG VR WKLV VKRXOG EH
GRQHIURPWKHKLJKWRWKHORZFRXUVH$VIDUDV WKHUDLQ\SHULRG
ILQLVKHV WKH IOXYLDO UXQRII LV DOVR ILQLVKHG DQG IRU WKLV UHDVRQ
PRVWRIWKHFUHHNVDUHHSKHPHUDO
7KH GHFUHDVH RI WKH K\GUDXOLF KHDG DV VKRZQ E\ WKH
REVHUYDWLRQV RI WKH ZDWHU OHYHO SUREDEO\ LV GXH WR WKH
HYDSRWUDQVSLUDWLRQORVVHVRFFXUUHGLQWKHGU\VHDVRQ7KHLQFUHDVH
LQ WKHYDOXHV DERXWXSRI WRWDOGLVVROYHG VROLGV 7'6RQ
ZDWHUGXULQJWKHGU\VHDVRQFRQILUPVWKLVDVVXPSWLRQ
7KHGLVFKDUJHLVSHUIRUPHGRQO\E\WKHK\GURJUDSKLFQHWZRUN
VXSHUSRVHG WR WKH DTXLIHU ]RQH LH VXSHUSRVHG WR WKHK\GUDXOLF
FRQGXFWRUV RI WKH ZKROH DTXLIHU ]RQH 6XFK GLVFKDUJH LV QXOO
GXULQJ WKH \HDUV RI LQVXIILFLHQW UHFKDUJH ZKHQ WKH K\GUDXOLF





7KUHH GLIIHUHQW FRPSRQHQWV RI WKH DTXLIHU V\VWHPV VKRXOG EH
FRQVLGHUHGSRWHQWLDOUHVHUYHVDQGDYDLODELOLWLHV7KHSRWHQWLDO LV
JLYHQ E\ WKH PHDQ ORQJWHUP EDVH GLVFKDUJH )RU WKH FDVH RI
FU\VWDOOLQHV\VWHPVWKHSRWHQWLDOLVQRWVLJQLILFDQW
7KHUHVHUYHVDUHJLYHQE\WKHVXPRIYROXPHVRIJURXQGZDWHU
VWRUHG LQ WKH LQWHULRU RI DOO DTXLIHU ]RQHV WKDW FRQVWLWXWH WKH
V\VWHP7KLVFRPSRQHQWRIWKHJURXQGZDWHUUHVRXUFHVUHPDLQVDV
DQXQNQRZQWHUPEHFDXVHLWKDVQRWEHHQSRVVLEOHXSWRQRZWR
GHILQH WKH GHSWK RI HDFK K\GUDXOLF FRQGXFWRU DV ZHOO DV WKH
DYDLODELOLWLHV 7KH ODWHVW RQ SUHVHQW GD\V DUH TXDQWLILHG E\ WKH
\LHOG RI ZDWHU ZHOOV NHHSLQJ LQ PLQG WKH H[SHFWDWLRQULVN RI
FRPSOHWH H[KDXVWLRQ HLWKHU GXH WR WKHKLJK UDWHV RISXPSLQJRU
GXH WR WKH ODFNRI VXIILFLHQW DQQXDO UHFKDUJH6XFK DYDLODELOLWLHV




2QO\ ZHOOV SUHVHQW VRPH UHDVRQDEOH GDWD RQ WKH FKHPLFDO
FKDUDFWHURIWKHJURXQGZDWHUVSHFLDOO\UHFRUGVDERXW7'6ZKLFK
ZHUHXVHGLQWKLVVWXG\DVWKHSDUDPHWHURIDQDO\VLVIRUGLIIHUHQW




 PJ/ DUH DSSURSULDWH IRU FDWWOH FRQVXPSWLRQ DQG 7'6





6DEXJL 5LYHUV ZKHUH WKH DQQXDO UDLQIDOO UDWHV DUH EHWZHHQ 
DQGPPWKHUHDUHZHOOVZLWK7'6RYHUPJ//LNHZLVH
LQWKHK\GURJUDSKLFEDVLQVRI-DFX&XULPDWD~DQG3DUDLED5LYHUV
PDLQO\ LQ WKHLU HDVWHUQ SRUWLRQV ZKHUH WKHUH DUH WKH KLJKHVW
DQQXDO UDLQ IDOO UDWHVPP\HDURFFXUV7'6RYHU
PJ/ 7KH VDPH LV WUXH IRU WKH ZHVWHUQ SRUWLRQ RI WKH
0DPDQJXDSH 5LYHU EDVLQ $W WKH ZHVWHUQ SDUW RI WKH 3DUDtED
5LYHUEDVLQWKHDQQXDOUDLQIDOOUDWHVDUHORZHUWKDQPPEXW
WKHYDOXHVRI7'6DUHOHVVWKDQPJ/
7KH UHDVRQ IRU VXFK KHWHURJHQHLW\ LV QDWXUDOO\ DVVRFLDWHG WR
RWKHU YDULDEOHV RI K\GURFOLPDWLF PRUSKRORJLF DQG OLWKRORJLF
FKDUDFWHUVZKLFKFDUU\ LQIOXHQFHRQ WKHFKHPLFDOZHDWKHULQJRI
URFNV VXFK DV WKH UHODWLYH DLU KXPLGLW\ WKH UHOLHI RI SHQHSODLQV
ZKLFKPDNHVWKHGUDLQDJHGLIILFXOWDVZHOODVWKHVXVFHSWLELOLW\
RI PLQHUDO FRPSRQHQWV WR WKH DFWLRQ RI ZHDWKHULQJ DJHQWV ,Q
WHUPV RI REVHUYDWLRQ LQ GLIIHUHQW SHULRGV WKHUH DUH VRPH
LQGLFDWLRQV WKDW WKH VDOLQLW\ XVHV WR GHFUHDVH ZLWK WKH UHFKDUJH






7KH UHVHUYHV WKH PRVW VLJQLILFDQW SDUW RI WKH JURXQGZDWHU
UHVRXUFHV RI WKH FU\VWDOOLQH DTXLIHUV UHPDLQ XQNQRZQ HLWKHU DW
WKH VFDOH RI ]RQH RU DW WKH VFDOH RI DTXLIHU V\VWHP GXH WR WKH
GLIILFXOWLHVLQTXDQWLI\LQJWKHIUDFWXUHVGLPHQVLRQV
7KH K\GURORJLFDO EHKDYLRXU RI WKH DTXLIHU ]RQHV VKRZV WKDW
SDUW RI WKH UHVHUYHV DOVR XQNQRZQ LV DQQXDOO\ ORVW E\
HYDSRWUDQVSLUDWLRQ GXULQJ WKH GU\ VHDVRQ DQG UHFKDUJHG E\ WKH
IOXYLDO UXQRII GXULQJ WKH UDLQ\ VHDVRQ 7KH RWKHU SDUW RI WKH
UHVHUYHV VHHPV QRW WR EH OLQNHG WR WKH K\GURORJLFDO F\FOH 7KH
QDWXUDO KRUL]RQWDO FLUFXODWLRQ DSSHDUV WR H[LVW RQO\ HSLVRGLFDOO\
DQGLQDVPDOODPRXQW
7KH VSDWLDO YDULDELOLW\ RI WKHZDWHU TXDOLW\ LV YHU\ KLJK DQG









RI K\GUDXOLF SDUDPHWHUV LQ ILVVXUDO DTXLIHUV 'RFWRUDO
'LVVHUWDWLRQ 6mR 3DXOR 8QLYHUVLW\ 6mR 3DXOR  SS
7DEOH'LVWULEXWLRQRIYDOXHVRI7'6E\K\GURJUDSKLFEDVLQ
+\GURJUDSKLF%DVLQ 7RWDO'LVVROYHG6ROLGV±7'6±PJ/
 ± ± ± ± ±
 1  1  1  1  1 
3LUDQKDV          
3DUDtED          
0DPDQJXDSH          














7KLV VWXG\ LQWHJUDWHV JHRORJLFDO GDWD JHRSK\VLFDO ORJ K\GURG\
QDPLF DQG WUDFHU LQYHVWLJDWLRQV WR FKDUDFWHULVH WKH8SSHU'HYR
QLDQ FDUERQDWH UHVHUYRLU RI WKH 3DP\DWQR6DVRYVNRH RLOILHOG
9ROJRJUDG5HJLRQ5XVVLD7KLVRLOILHOGLVORFDWHGLQWKHQRUWKHUQ
SDUW RI WKH9ROJRJUDG5HJLRQ  NPQRUWKZHVW RI9ROJRJUDG
7KLV LV WKH SULQFLSDO UHVHUYRLU EHWZHHQ WKH QXPHURXV SODWIRUP
PDUJLQ UHHI EXLOGXSV DQG LW GLIIHUV IURPRWKHUE\FRQFHQWUDWLQJ
UHHIV RI GLIIHUHQW DJHV LQ WKH FRPPRQ WKLFNQHVVRI P5HHI
UHVHUYRLU FRQVLVWVRI)UDVQLDQ IUDFWXUHGGRORPLWHV DQG LW LVRYHU






VHQW LQ WKH UHVHUYRLU 'HWDLOHG SHWURSK\VLFDO DQDO\VLV JHQHUDOO\
LQFOXGHVDQHVWLPDWHRISRURVLW\SHUPHDELOLW\RLODQGZDWHUVDWX
UDWLRQ LQ WKHPDWUL[ 3RURVLW\ DQG SHUPHDELOLW\ YDOXHV EDVHG RQ
FRUHSOXJDQDO\VLVKDYHEHHQXVHGIRU WKHFURVVSORWRISRURVLW\








































3UHGLFWLQJ SHUPHDELOLW\ LV WKH PRVW GLIILFXOW WDVN IDFLQJ WKH
UHVHUYRLUDQDO\VWDV WKH ORJGDWDFRUHPHDVXUHPHQWVDQG WHVW UH
VXOWV GR QRW SURYLGH D FRPSOHWH UHFRUG RI WKH SHUPHDELOLW\
WKURXJKRXW WKHYROXPHRI WKH UHVHUYRLUHVSHFLDOO\ LQKLJKO\KHW
HURJHQHRXVIRUPDWLRQV7KHPHWKRGWRPRGHOSHUPHDELOLW\RQWKH
FRDUVHVFDOHSUHVHQWVWKHFRPELQDWLRQRIWKHERUHKROHUDGRQLQGL
FDWLRQ DQG WUDFHU LQYHVWLJDWLRQ 6XFK DPRGHO KDV EHHQ EXLOW IRU
WKHFDUERQDWHUHHIUHVHUYRLU
7KHPHWKRGRIUDGRQLQGLFDWLRQKDVEHHQXVHGLQPDQ\ZHOOV
7KH SHUPHDELOLW\ DORQJ WKH YHUWLFDO VHFWLRQ LQ WKH ZHOO FDQ EH
FDOFXODWHGDFFRUGLQJWRWKHOHYHORIUDGLRDFWLYLW\RQWKHORJDIWHU
LQMHFWLQJ UDGRQ)RURQHRI WKHZHOOV LQMHFWLRQ UDWHSURILOHDORQJ
WKHZHOOORJLVVKRZQLQILJ)RUHYHU\ZHOOWKHOLPLWHGQDUURZ


































XVHG WR FROOHFW UHVHUYRLU GDWD DERXW YHORFLW\ FRQFHQWUDWLRQ DQG
IUHTXHQF\ RI SUHVHQWHG WUDFHUV 'LVVROYHG WUDFHUV KDYH EHHQ
SXPSHGLQWKHLQMHFWLRQZHOOVDQGZDWHUVDPSOHVIURPSURGXFWLYH
ZHOOV ZHUH GHWHFWHG IRU WUDFHUV 7KHVH LQYHVWLJDWLRQV VKRZ WKDW
WKHUHLVDIUDFWXUHGKLJKSHUPHDEOH]RQHLQWKHD[LDOSDUWRIVWUXF
WXUHZKHUH WKHYHORFLWLHVRI WUDFHUVDUHXS WRPGD\/RFDO






















































































DEVWUDFWLRQ YROXPHWULF FRPSUHVVLELOLW\ RI RLO DQGZDWHU DQG GH
FUHDVLQJ UDWH RI IRUPDWLRQ SUHVVXUH WKH YROXPH RI UHVHUYRLU KDV
EHHQFDOFXODWHG7KHUHODWLRQVKLSEHWZHHQRLODQGZDWHUVDWXUDWHG



























































































$ E V W U D F W   6L[GHHSERUHKROHVZHUHGULOOHGWRREWDLQK\GURJHRORJLFDODQGK\GURFKHPLFDOGDWDDW-XUDVVLFJUDQLWHVLQWKH<XVHRQJ
DUHD.RUHD7KHFRUHREVHUYDWLRQWHOHYLHZHUORJJLQJDQGK\GUDXOLFWHVWLQJZHUHFDUULHGRXWGXULQJDQGDIWHUGULOOLQJDQGPXOWLSDFNHU
V\VWHP ZDV LQVWDOOHG LQ D  P GHHS ERUHKROH IRU K\GUDXOLF DQG K\GURFKHPLFDO PRQLWRULQJ LQFOXGLQJ HQYLURQPHQWDO LVRWRSHV
$FFRUGLQJWRLQWHJUDWHGGDWDWKHJHRHQYLURQPHQWLVVXSSRVHGWREHGLYLGHGLQWRWZRUHJLPHVVXFKDVXSSHUDQGORZHUZLWKDERXQGDU\
DWaPEHORZJURXQGVXUIDFH7KHVHFRXOGEHGHILQHGDVIUDFWXUHGDQGPDVVLYHLQIUDFWXUHFKDUDFWHULVWLFVK\GUDXOLFDOO\DFWLYH
DQG ORZ IORZ ]RQH LQ SK\VLFDO K\GURORJLFDO DVSHFW DQG R[LGL]LQJ DQG UHGXFLQJ ]RQH LQ K\GURJHRFKHPLFDO FRQVLGHUDWLRQV 7KH






7KH .RUHD $WRPLF (QHUJ\ 5HVHDUFK ,QVWLWXWH .$(5, LV LQ





DQG SURGXFH WKH JHRORJLF LQSXW GDWD LQFOXGLQJ QHRWHFWRQLF
IHDWXUHV URFN IUDFWXUH V\VWHPV DQG PHFKDQLFDO SURSHUWLHV RI
SOXWRQLF URFNV K\GURJHRORJLFDO DQG K\GURJHRFKHPLFDO
FKDUDFWHULVWLFVRIJURXQGZDWHU
$VDSDUWRIWKHUHVHDUFKSURJUDPVL[ERUHKROHVPa
P LQ GHSWK ZHUH GULOOHG WR REWDLQ WKH K\GURJHRORJLFDO DQG
K\GURFKHPLFDOGDWDIURPD-XUDVVLFJUDQLWH LQWKH<XVHRQJDUHD
ORFDWHGDERXWNPVRXWKRI6HRXOWKDWZDVVXJJHVWHGDVRQHRI
WKHSUHIHUUHGKRVW URFN W\SHV IRU+/:UHSRVLWRU\ LQ.RUHD7KH
FRUH REVHUYDWLRQ WHOHYLHZHU ORJJLQJ DQG K\GUDXOLF WHVWLQJZHUH
FDUULHG RXW GXULQJ DQG DIWHU GULOOLQJ DQG WKHPXOWLSDFNHU 03
V\VWHPZDVLQVWDOOHGLQDPGHHSERUHKROHIRUK\GUDXOLFDQG
K\GURFKHPLFDOPRQLWRULQJLQFOXGLQJHQYLURQPHQWDOLVRWRSHV7KH
















)LJXUH  9DULDWLRQ RI WKH IUDFWXUH IUHTXHQF\ SHU HYHU\ P
DORQJWKHGHSWKLQERUHKROHVRI<XVHRQJDUHD

+LJKO\ IUDFWXUHG]RQH LQ WKHERUHKROHVZDVREVHUYHGDURXQG
PDQGPEHORZVXUIDFH)LJDQGZDVFROODSVHGDIWHU
WKH GULOOLQJ DQG K\GUDXOLF WHVWLQJ %DVHG RQ WKH GDWD IURP DOO
ERUHKROHV WKH IUDFWXUHV LQ WKH ERUHKROHV FRQVLVWHG RI WKUHH VHWV
YHUWLFDO VXEYHUWLFDO DQG RQH VXEKRUL]RQWDO LQ GLUHFWLRQ DQG
VKRZV P LQ IUHTXHQF\ 7KH VSDFLQJ RI FRQGXFWLYH IUDFWXUHV
FRXOGEHFDOFXODWHGDVPPDQGPIRUHDFKVHWRI
IUDFWXUHV UHVSHFWLYHO\ 7KH DSHUWXUH VL]H RI IUDFWXUHV LV
GLVWULEXWHGLQDORJQRUPDOGLVWULEXWLRQSDWWHUQZLWKWKHJHRPHWULF
PHDQ RI  PP $ QXPEHU RI LPSHUPHDEOH ]RQHV DUH DOVR
FRQILUPHG LQ WKHERUHKROH DQG WKHK\GUDXOLF FRQGXFWLYLW\RI WKH
FRQGXFWLQJ ]RQHV UHDFKHV WR DERXW [ PV 7KH HIIHFWLYH
K\GUDXOLF FRQGXFWLYLW\ RI WKH XSSHU DQG ORZHU SDUWV UDQJHV
[PVa[PVDQG[PVa[PV,W
LV FRQVLGHUHG WKDW WKHVH UDQJHV UHVXOW IURPDGLIIHUHQFHEHWZHHQ
WKHVWHDG\DQGWUDQVLHQWVWDWHDQDO\VLV7DE.$(5,

7DEOH  6XPPDU\ RI HIIHFWLYH K\GUDXOLF FRQGXFWLYLWLHV DQG
VWDWLVWLFVXVLQJFRQVWDQW LQMHFWLRQ WHVWDQG IDOORII WHVW LQ WKH
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0HGLDQ      
0D[      
0LQ 

)LHOG PHDVXUHPHQWV LQFOXGLQJ WHPSHUDWXUH S+ UHGR[
SRWHQWLDOHOHFWULFDOFRQGXFWLYLW\GLVVROYHGR[\JHQDQGDONDOLQLW\
RI JURXQGZDWHU ZHUH FDUULHG RXW 6LQFH WKH LQVWDOODWLRQ RI 03
V\VWHPRQ6HSWKHJURXQGZDWHUZDVVDPSOHGDQGDQDO\]HG
VHYHQWLPHV$OWKRXJKWKHJURXQGZDWHUIURPWKHRSHQERUHKROHV
EHIRUH03 LQVWDOODWLRQZDVPRQLWRUHG WKHGDWDDUHQRW LQFOXGHG
LQ WKLV UHSRUW 7KH JHRFKHPLVWU\ LQGLFDWHG ORWV RI GLIIHUHQFHV
EHWZHHQEHIRUHDQGDIWHUWKHLQVWDOODWLRQ03V\VWHP7KHWKHUPDO
JUDGLHQWLVR&PREWDLQHGIURPPHDVXUHPHQWE\WKH03
SUREH DW WKH JURXQGZDWHU VDPSOLQJ GHSWK ZKLFK LV DOPRVW
GXSOLFDWHG GXULQJ HDFK PHDVXUHPHQW 7KH JURXWLQJ DFWLYLW\
DIIHFWLQJ JURXQGZDWHU TXDOLW\ZDV LQHYLWDEO\ FDUULHG RXW EHIRUH
WKH03LQVWDOODWLRQRQWKH]RQHZLWK3RUWODQGFHPHQW
7KH JURXQGZDWHU RI WKH VHFWLRQ DIIHFWHG E\ JURXWLQJ KDV
DEQRUPDOO\KLJKS+ZKHUHDVWKHS+YDOXHRIJURXQGZDWHU
RI P EHORZ VXUIDFH UHDFKHV DOPRVW FRQVWDQW YDOXH DV DERXW
 )LJ 7KH UHGR[ SRWHQWLDO RI JURXQGZDWHU YDULHG ZLWK
GHSWK DQG PRUH QHJDWLYH YDOXHV ZHUH UHFRJQL]HG LQ GHHS
JURXQGZDWHU ([FHSW WKH VHFWLRQ DIIHFWHG E\ JURXWLQJPDWHULDOV
WKH FRQFHQWUDWLRQV RI 1D &D 0J . &O +&2 DQG 62 RI
JURXQGZDWHUDUHDOPRVWFRQVWDQWEHORZ*/±P)OXRULQH LQ
GHHSJURXQGZDWHUVKRZVKLJKFRQFHQWUDWLRQXSWRPJODQG
WHQGV WR LQFUHDVH ZLWK GHSWK LQGLFDWLQJ WKDW ZDWHUURFN
LQWHUDFWLRQLQFUHDVHVZLWKGHSWK








7KHPDLQ UHDFWLRQRIJURXQGZDWHUZLWK WKHFHPHQW LVK\GUDWLRQ
ZKLFK S+ LQFUHDVHV DQG DOVR 1D . DQG &D DUH UHOHDVHG WR
JURXQGZDWHU &RQVHTXHQWO\ WKH JURXQGZDWHU VKRZV FKHPLFDOO\
&D2+W\SH$OWKRXJKWKHDONDOLQLW\ZDVPHDVXUHGDQG&FRQWHQW
RI WKH KLJK S+ JURXQGZDWHU ZDV FDOFXODWHG LW LV XQFHUWDLQ WR
FRPSXWH WRWDOGLVVROYHGFDUERQDWH IURPS+DQGDONDOLQLW\ VLQFH
WKHVH WZRSDUDPHWHUVDUHFKLHIO\FRQWUROOHGE\ WKHFRQFHQWUDWLRQ
RIK\GUR[\OLRQV
$OWKRXJK WKH FKHPLFDO FKDUDFWHULVWLFV RI QDWXUDO VKDOORZ
JURXQGZDWHU ZHUH QRW LGHQWLILHG IURP WKH ERUHKROH GXH WR WKH
JURXWLQJ WKH JHRFKHPLFDO GDWD RI VKDOORZ JURXQGZDWHU LQ WKH
YLFLQLW\RIWKHERUHKROHFDQEHXVHGIRUWKHFRPSDULVRQZLWKGHHS
JURXQGZDWHU 6XUIDFH ZDWHU DQG VKDOORZ JURXQGZDWHU PDLQO\
UHDFWHG ZLWK VRLO VKRZV &D+&2 W\SH RU &D1D+&2 W\SH
ZKHUHDVGHHSJURXQGZDWHUEHORZPIURPWKHVXUIDFHEHORQJV
WRW\SLFDO1D+&2W\SH$OWKRXJKWKHWUDFHUOLNHXULQHZDVQRW
XVHG IRU GULOOLQJ IOXLG WKH YDULDWLRQV RI JHRFKHPLFDO GDWD RI
JURXQGZDWHU ZLWK WLPH VKRZV ZKHWKHU WKH JURXQGZDWHU LV
VWDELOL]HG DIWHU GULOOLQJ DQG WKH LQVWDOODWLRQ RI 03 V\VWHP ,W
VKRZV WKDW ILHOG SDUDPHWHU DQG FKHPLFDO FRPSRVLWLRQV ZHUH
VWDELOL]HGWRQDWXUDOVWDWHZLWKLQPRQWKVDIWHUWKHLQVWDOODWLRQRI
03V\VWHP$FFRUGLQJ WR WKHPRQLWRULQJGDWDXVLQJ03V\VWHP
DQG DQDO\]HG VXFK DV K\GUDXOLF KHDG DQG JHRFKHPLFDO
FRPSRVLWLRQV LW LV FRQVLGHUHG DV VOLJKWO\ GRZQZDUG IORZ RU
QHDUO\ ODWHUDO IORZ FRQGLWLRQ 7KH SHULRG IRU VWDELOL]DWLRQ RI
JHRFKHPLFDO FRQGLWLRQV LV UHODWHG WR WKH SURSHUWLHV RI
JURXQGZDWHUIORZDORQJWKHIUDFWXUHV
7KH G2 DQG G' YDOXHV DUH QHDUO\ SORWWHG DORQJ WKH
ZRUOGZLGH PHWHRULF ZDWHU OLQH )LJ ZKLFK LV LQGLFDWLQJ WKDW
JURXQGZDWHU IURP WKH ERUHKROH ZDV UHFKDUJHG IURP ORFDO
PHWHRULF ZDWHUV XQGHU SUHVHQW FOLPDWH FRQGLWLRQV ,W LV
QRWHZRUWK\ WKDW LVRWRSLF FRPSRVLWLRQV RI GHHS JURXQGZDWHU DUH
OLJKWHU WKDQ WKRVH RI VXUIDFH DQG VKDOORZ JURXQGZDWHU LQ WKH
ERUHKROHRI<XVHRQJDUHD,WLVOLNHO\WKDWGHHSJURXQGZDWHUZDV
UHFKDUJHG IURP WKH DUHD RI KLJKHU HOHYDWLRQ &RQVLGHULQJ WKH
DOWLWXGHHIIHFWÅPG2RILVRWRSHIURPSUHFLSLWDWLRQ
LQ.RUHD .LP DQG1DNDL  WKH UHFKDUJH DUHD RI WKH GHHS
JURXQGZDWHU LV HVWLPDWHG WR KLJK HOHYDWLRQV WKDQ WKH ORFDO ODQG
VXUIDFH7ULWLXPFRQWHQWVFORVH WR ]HURDUHREVHUYHG LQ WKHGHHS
JURXQGZDWHU WKXV FRQILUPLQJ D ORQJ UHVLGHQFH WLPH RI GHHS
JURXQGZDWHU2QWKHRWKHUKDQGKLJKWULWLXPYDOXHVFKDUDFWHUL]HG
LQWKHVKDOORZJURXQGZDWHUDUHFRQVLGHUHGDVUHFHQWZDWHUVZLWKD
YHU\ VKRUW FLUFXODWLQJ WLPH 7KH WULWLXP FRQWHQW RI WKH
LQWHUPHGLDWHVHFWLRQLVWR78LQGLFDWLQJWKDWWKHUHVLGHQFH




IURP SODQW UHVSLUDWLRQ 7KH G662 YDOXHV LQGLFDWH WKDW WKH
GLVVROYHG VXOIDWHV RI WKH JURXQGZDWHU PD\ EH RULJLQDWHG IURP
VXOILGHPLQHUDOV+RZHYHULW LVQRWUXOHGRXW WKHFRQWULEXWLRQRI
DQWKURSRJHQLFDOO\ GHULYHG VXOSKXU IURP KLJKHU G6 YDOXHV RI
VKDOORZ JURXQGZDWHU 7KH & DQDO\VLV a SP& ZDV


















)LJXUH  7KH UHODWLRQVKLS RI G2 DQG G' GLDJUDP RI ZDWHU
VDPSOHV IRU WKH ERUHKROH :RUOGZLGH PHWHRULF ZDWHU OLQH LV
VKRZQ

$FFRUGLQJ WR WKH PHQWLRQHG LQWHJUDWHG GDWD WKH
JHRHQYLURQPHQW LV VXSSRVHG WR EH URXJKO\ GLYLGHG LQWR WZR
UHJLPHVVXFKDVXSSHUDQGORZHUZLWKDERXQGDU\DWaP
EHORZ JURXQG VXUIDFH 7KHVH FRXOG EH GHILQHG DV IUDFWXUHG DQG
PDVVLYH LQ IUDFWXUH FKDUDFWHULVWLFV K\GUDXOLFDOO\ DFWLYH DQG ORZ
IORZ ]RQH LQ SK\VLFDO K\GURORJLFDO DVSHFW DQG R[LGL]LQJ DQG
UHGXFLQJ]RQHLQK\GURJHRFKHPLFDOFRQVLGHUDWLRQV)LJ7KHUH
LV QR VLJQLILFDQW XQVWDEOH FRQGLWLRQ LQ URFN PHFKDQLFDO
FRQVLGHUDWLRQDFFRUGLQJWRWKHVWUHVVUDWLRVZLWKGHSWKEXWLWKDV
EHHQ FRQILUPHG WR VKRZ D OLQHDU DQG VWDEOH YDULDWLRQ IURP
aPLQGHSWK
7KHVH UHVXOWV WKDW LQWHJUDWHG K\GURJHRFKHPLFDO DQG
K\GURG\QDPLFGDWDSURYLGHGEHWWHUFRQILGHQFHIRUXQGHUVWDQGLQJ
RI JURXQGZDWHU V\VWHP LQ IUDFWXUHG URFN PDVV ,Q WKLV ZD\ LW
FRXOG EH SRVVLEOH WR VXJJHVW D JHQHUDO JXLGHOLQH WR GHYHORS WKH

































































    
1DPJ/




   
7HPSR&





























7KH JUDQLWH URFNV RI 6DUGLQLD DUH PDLQO\ UHSUHVHQWHG E\
PXVFRYLWHELRWLWHDQGELRWLWHJUDQLWHVJUDQRGLRULWHVDSOLWHVDQG
WKHLUIUHTXHQWPLFURJUDQXODUSRUSK\ULWLFDQGSHJPDWLWLFYDULHWLHV
7KH JUDQLWH ERGLHV DUH RIWHQ LQWHUVHFWHG E\ VZDUPV RI
PLFURJUDQLWHDQGODPSURSK\UHGLNHV7KH\JHQHUDOO\EHORQJWRWKH
FU\VWDOOLQHEDVHPHQWRI6DUGLQLDDQG&RUVLFDZKLFKIURPWKHODWH
SUH&DPEULDQ WR WKH SUHVHQW WLPH KDV EHHQ DIIHFWHG E\ DOO WKH
JHRG\QDPLF HYHQWV ZKLFK RFFXUUHG LQ WKH0HGLWHUUDQHDQ EDVLQ
QDPHO\ WKH &DOHGRQLDQ +HUF\QLDQ DQG $OSLQH RURJHQHVLV 7KH
FU\VWDOOLQHEDVHPHQWFRQVLVWLQJRIJUDQLWHDQGPHWDPRUSKLFURFNV
RI 3UHFDPEULDQ DQG 3DODHR]RLF DJH SDUWLDOO\ FRYHUHG ZLWK
0HVR]RLF&DLQR]RLFDQG5HFHQWGHSRVLWVZDVIDXOWHGLQGHSWKWR













%HFDXVH RI WKH $OSLQH XSIDXOWLQJ DQG GRZQIDXOWLQJ RI WKH
GLIIHUHQW WHFWRQLF EORFNV WKH SK\VLRJUDSK\ RI WKH FU\VWDOOLQH
EDVHPHQWZDVUHMXYHQDWHGE\DVWURQJGHQXGDWLRQ$WSUHVHQWLWLV
FKDUDFWHUL]HG E\PDVVLIV SDUWO\ZHDWKHUHGPRVWO\ URXQGHG DQG
DOPRVW IODWWRSSHG RIWHQ VHSDUDWHG E\ GHHS DQG LQWUDFWDEOH
YDOOH\V 7KH VORSHV DUH FRYHUHG ZLWK VFUHHV DQG SLHGPRQW
GHSRVLWVERUGHUWKHLUKHHOVLQWKHYDOOH\VDQGWHFWRQLFWURXJKV
3UHOLPLQDU\K\GURJHRORJLFDO VXUYH\V FDUULHGRXW LQ WKHHDUO\
6HYHQWLHV LQGLFDWHG WKDW WKH JUDQLWHV LQ 6DUGLQLD ILUVW XQGHUZHQW




ZH FRQVLGHU WKDW WKH KDUG URFNV PDLQO\ FRQVLVWLQJ RI JUDQLWHV
PDNH XS DERXW RQH TXDUWHU RI WKH WRWDO VXUIDFH RI 6DUGLQLD LH
DERXW  .P RXW RI  RU  .P LQFOXGLQJ WKH
VPDOOFRDVWDOLVODQGV
7KH K\GURJHRORJLFDO LQYHVWLJDWLRQV FDUULHG RXW LQ VHYHUDO
DUHDV FRQFHUQHG FRQVLVWHG PDLQO\ RI DQ DVVHVVPHQW RI WKH
JHRORJLFDO SHWURJUDSKLFDO DQG JHRPRUSKRORJLFDO SUREOHPV
VWUXFWXUDO DQDO\VLV ILHOG VWXGLHV DQG SKRWRJHRORJLFDO
LQWHUSUHWDWLRQ JHRSK\VLFDO LQYHVWLJDWLRQV GULOOLQJ RSHUDWLRQV




6WUXFWXUDO DQDO\VLV SURYHG WR EH D YDOLG PHWKRG IRU
GHWHUPLQLQJ WKH URFN ORFDO IUDFWXUH SDWWHUQ ,Q UHDOLW\ ZKHQ
ORRNLQJIRUJURXQGZDWHU LQKDUGURFNV WKHVWUXFWXUDOPRGHOPD\
EHPXFKPRUHFRPSOLFDWHGWKDQH[SHFWHGHVSHFLDOO\LIWKHJUDQLWH
ERGLHV KDYH EHHQ DIIHFWHG E\ VHYHUDO SKDVHV RI SRVW FU\VWDOOLQH
GHIRUPDWLRQV 7HQVLRQDO VKHDU DQG RYHUWKUXVW IUDFWXUHV ZHUH
UHFRJQL]HG DV KDYLQJEHHQSURGXFHGE\GLIIHUHQW ODWHUDO VWUHVVHV
UHODWHG WR WKH GLIIHUHQW WHFWRQLF SKDVHV WKDW DIIHFWHG 6DUGLQLD
GXULQJ WKH &DOHGRQLDQ +HUF\QLDQ DQG $OSLQH RURJHQHVLV
%DUURFXDQG/DUVVRQ
2SHQQHVV RI IUDFWXUHV VWURQJO\ GHSHQGV RQ IUDFWXUH W\SHV
EHLQJPD[LPXPDORQJWKHWHQVLOHFUDFNVDQGWKHRYHUWKUXVW]RQHV
,W LV DOVR VWURQJO\ LQIOXHQFHG E\ WKH HIIHFWV RI ZHDWKHULQJ DQG
K\GURWKHUPDO DOWHUDWLRQ7KH GLPHQVLRQV RI WKH DTXLIHUVPD\EH
OLPLWHG E\ WKH SUHVHQFH RI ODPSURSK\UH GLNHV FRQVLVWLQJ RI
KRUQEOHQGHSODJLRFODVHVSHVVDUWLWH ZLWK D OLWWOH LQWHUVWLWLDO
RUWKRFODVH DQG TXDUW]7KH\ DUH JHQHUDOO\ VWURQJO\ZHDWKHUHG LQ
GHSWK VR WKDW WKH\ DFW DV XQGHUJURXQG EDUULHUV EHWZHHQ
FRQWLJXRXVJUDQLWHVHFWRUV ,QDUHDVZKHUHWKHVHGLNHVIUHTXHQWO\
RFFXUJUDQLWHDTXLIHUVPD\KDYHJRRGK\GUDXOLFFRQGXFWLYLW\EXW
WKHLU VWRUDJH FDSDFLW\ LV SRRU 7KH FORVHU WRJHWKHU WKH GLNHV LW
GRHVQRWVHHPLPSRUWDQWLIWKH\DUHRQO\DIHZFHQWLPHWUHVWKLFN
WKH IHZHU WKHSRVVLELOLWLHVRIKDYLQJDJRRGDTXLIHU ,Q WKLVFDVH
WKHJUDQLWHDTXLIHUVPD\KDYHDJRRGK\GUDXOLFFRQGXFWLYLW\EXW
WKHLUVWRUDJHFDSDFLW\LVORZ%DUURFXDQG9HUQLHU
:HOOV DUH JHQHUDOO\ GULOOHG GRZQ WR y P EXW IUHVK
JURXQGZDWHU LV IRXQG GRZQ WR D IHZ KXQGUHGPHWUHV ,Q VRXWK




,Q QRUWKHUQ 6DUGLQLD LQ DQ DUHD ZLWK DQ DYHUDJH DQQXDO
UDLQIDOO RI PRUH WKDQ  PP LQ GU\ VXPPHUV VHYHUDO ZHOOV
GULOOHGLQDJUHDWVKHDU]RQHFURVVLQJVHYHUDOJUDQLWHVHFWRUVDFWLQJ
DV WKHLU GUDLQ JDYH D PD[LPXP \LHOG RI  /V  PK
6\VWHPDWLFLQVLWXDQGODERUDWRU\LQYHVWLJDWLRQVZHUHFDUULHGRXW
DLPLQJ DW ILQGLQJ FRUUHODWLRQV EHWZHHQ IUDFWXUDWLRQ SDUDPHWHUV
JHRPHFKDQLFDO FKDUDFWHULVWLFV DQG SHUPHDELOLW\ GDWD PHDVXUHG
GRZQWRP%DUURFXDQG0DQFD
6HYHUDO ZHOOV GULOOHG LQ GLIIHUHQW VHPLFRQILQHG DTXLIHUV LQ
ZHDWKHUHGJUDQLWHGRZQ WR WKHEHGURFN yPGHHS\LHOGHG
y/VyPKLQGLIIHUHQWSHULRGVLQ$
WUDQVPLVVLYLW\ 7 [y[ PV DQG D VWRUDWLYLW\
6 y ZHUH FDOFXODWHG $VVXPLQJ DQ DTXLIHU RI WRWDO
WKLFNQHVV '  P D FRQGXFWLYLW\ YDOXH RI
. 7' y[ PV ZDV HVWLPDWHG ,Q VRXWKHUQ
6DUGLQLDZKHUHWKHDYHUDJHDQQXDOUDLQIDOOLVORZHUWKDWPP
WUDQVPLVVLYLW\YDOXHV7 [y[PVDQGVWRUDWLYLW\YDOXHV
6 y ZHUH FDOFXODWHG E\ DSSO\LQJ WKH 7KHLV -DFRE DQG
&RRSHU DQG &KRZ PHWKRGV LQ D PDMRU WHQVLRQ IUDFWXUH ]RQH
GUDLQLQJ VPDOOHU FUDFNV ,Q WKH ILQH IUDFWXUHV WKH WUDQVPLVVLYLW\
UDQJHG EHWZHHQ [ DQG [ PV DQG WKH VWRUDWLYLW\
EHWZHHQDQG5RVpQ,QFHQWUDO6DUGLQLDZKHUH
WKH DYHUDJH DQQXDO UDLQIDOO LV  PP LQ UDWKHU WLJKW VKHDU
IUDFWXUHV D VWRUDWLYLW\ RI  ZDV HVWLPDWHG LH  RI WKH
YDOXHIRXQGLQWHQVLRQIUDFWXUHVLQVRXWKHUQ6DUGLQLD7KLVILJXUH




UHOLDELOLW\ DQG YDOLGLW\ RI D JHRPHFKDQLFDO DSSURDFK RQ D ORFDO
VFDOH7KH\ GHPRQVWUDWH WKDW LQ FHUWDLQ FDVHV IUDFWXUH ]RQHV DQG
PLFURJUDQLWHGLNHVPLJKWEHXVHIXOO\VHDOHGRIIDWWKHLURXWOHWVR
DV WR IRUP IDLUO\ JRRG JURXQGZDWHU UHVHUYRLUV ,Q RWKHUVZKHUH
UDLQIDOO LV QRW YHU\ DEXQGDQW DQG HVSHFLDOO\ QRWZHOO GLVWULEXWHG




RI JURXQGZDWHU IRU IDUPV DQG VPDOO YLOODJHV LQ WKH FRXQWU\VLGH
DQG IRU WRXULVW UHVRUWV DORQJ WKH FRDVW$TXLIHUV LQJUDQLWH URFNV






0DMRU IDXOWV FRQWURO WKHUPDO ZDWHU FLUFXODWLRQ ZLWK D
GRZQZDUG PRYHPHQW VFKHPDWLFDOO\ LQWHUSUHWHG DV D PXOWLFHOO
V\VWHP JRYHUQHG E\ SLVWRQ IORZ DQG D UHODWLYHO\ IDVWHU XSZDUG
PRYHPHQWGXHWRJDVSUHVVXUH/RGGRHWDO3DQLFKL
0L[LQJRIVKDOORZJURXQGZDWHUZLWKWKHGHHSVDOLQHZDWHULV
PDUNHG E\ LQFUHDVLQJ 7'6 GHFUHDVLQJ &D0J UDWLRV 1DĀ&O
GRPLQDQWFKDUDFWHUDQGKLJKHUFRQFHQWUDWLRQVRI%DQG6U7KH
1D&OUDWLRVDUHFORVHWRYDOXHVREVHUYHGLQVHDZDWHUDQG&O1D











%DUURFX * 9HUQLHU $  $FTXH QHOOD PLQLHUD GL 3HUG¶H
3LEHUD 6DUGHJQD VXGRFFLGHQWDOH ,Q 3URF ,QW 6\P RQ
*URXQGZDWHU LQ &U\VWDOOLQH 5RFNV &DWWHGUD GL *HRORJLD
$SSOLFDWD)DF,QJ8QLY&DJOLDUL




%DUURFX * /DUVVRQ ,  *UDQLWH WHFWRQLFV DW JURXQGZDWHU
SURVSHFWLRQ LQ VRXWKHUQPRVW 6DUGLQLD ,Q *HRK\GURORJLFDO
,QYHVWLJDWLRQV RI *URXQGZDWHU LQ *UDQLWH 5RFNV LQ 6DUGLQLD
'HSW/DQG,PSU'UDLQ5,QVW7HFKQ6WRFNKROP,,$
%DUURFX*0DQFD33*HRPHFKDQLFDOFKDUDFWHULVWLFVRID
JUDQLWH ERG\ DW D GDP VLWH ,Q 3URF ,QW 6\PS ,$(* RQ (QJ
*HRO 3UREOHPV LQ +\GURWHFKQ &RQVWUXFWLRQ 7ELOLVL 8566 
%XOO,$(*
&DERL5&LGX5 )DQIDQL/=XGGDV 3 *HRFKHPLVWU\ RI
WKHUPDOZDWHUV LQ 6DUGLQLD ,WDO\ ,Q 3URF WK ,QW 6\PS:5,
5H\NMDYLN,FHODQG$XJXVW
&DERL 5 &LGX 5 )DQIDQL / =XGGDV 3 =DQ]DUL $5 
*HRFKHPLVWU\ RI WKHKLJKS&2ZDWHUV LQ/RJXGRUR6DUGLQLD
,WDO\$SSOLHG*HRFKHPLVWU\




0DJQHWLF 6XUYH\ LQ WKH&DPSLGDQR*UDEHQ 6DUGLQLD
GHVFULSWLRQDQGLQWHUSUHWDWLRQ%ROO*HRI7HRU$SSO
&RFR]]D7-DFREDFFL$*HRORJFDORXWOLQHRI6DUGLQLD,Q
*HRORJ\ RI ,WDO\ 7KH (DUWK 6FLHQFH 6RF RI WKH /\ELDQ $UDE
5HS7ULSROL,,
'¶$PRUH ) )DQFHOOL 5 &DERL 5  2EVHUYDWLRQV RQ WKH
DSSOLFDWLRQRI FKHPLFDOJHRWKHUPRPHWHUV WR VRPHK\GURWHUPDO
V\VWHPVLQ6DUGLQLD*HRWKHUPLFV
(JJHU$'HPDUWLQ0$QVRUJH-%DQGD(0DLVWUHOOR0
7KH JURVV VWUXFWXUH RI WKH FUXVW XQGHU &RUVLFD DQG 6DUGLQLD
7HFWRQRSK\VLFV
/RGGR 0 0RQJHOOL ) 3HFRULQL * 7UDPDFHUH $  3ULPH
PLVXUH GL IOXVVR GL FDORUH LQ 6DUGHJQD ,Q 5LFHUFKH
*HRWHUPLFKHLQ6DUGHJQDFRQSDUWLFRODUHULIHULPHQWRDO*UDEHQ
GHO&DPSLGDQR3)(5)&155RPH
0RQWDOGR 3 HG  3URF ,QW 6\PS RQ *URXQGZDWHU LQ
&U\VWDOOLQH5RFNV&DWWHGUDGL*HRORJLD$SSOLFDWD)DF,QJ8QLY
&DJOLDULSS
0RQWDOGR 3 HW DO  *HRK\GURORJLFDO ,QYHVWLJDWLRQV RI
*URXQGZDWHU LQ *UDQLWH 5RFNV LQ 6DUGLQLD 'HSW /DQG ,PSU
'UDLQ5,QVW7HFKQ6WRFNKROP,
3DOD$3HFRULQL*3RUFX$6HUUD6D6FKHPDJHRORJLFR
VWUXWWXUDOH GHOOD 6DUGHJQD ,Q 5LFHUFKH *HRWHUPLFKH LQ
6DUGHJQDFRQSDUWLFRODUHULIHULPHQWRDO*UDEHQGHO&DPSLGDQR
&153)(63(*5)&153LVD
3DOD $ 3HFRULQL * 3RUFX $ 6HUUD 6  E *HRORJLD H




3HFRULQL * 3RPHVDQR &HUFKL $  5LFHUFKH JHRORJLFKH H
ELRVWUDWLJUDILFKH VXO&DPSLGDQRPHULGLRQDOH 6DUGHJQD0HP
6RF*HRO,W
5RVpQ %  6XEVXUIDFH K\GURORJ\ ,Q *HRK\GURORJLFDO
,QYHVWLJDWLRQV RI *URXQGZDWHU LQ *UDQLWH 5RFNV LQ 6DUGLQLD
'HSW/DQG,PSU'UDLQ5,QVW7HFKQ6WRFNKROP,,$

=XSSL *0 6DFFKL ( /RPEDUGL 6 4XDWWURFFKL ) *XHUUD 0
3L]]LQR/$QJHORQH0 )OXLGJHRFKHPLVWU\ WKURXJKRXW






































EHHQ UHFRUGHGZLWK DSHUWXUHV LQ WKH UDQJHPP WR DERXW FP VXENDUVWLF HQODUJHPHQW LQGLDPHWHU KRZHYHU K\GURJHRORJLFDOO\
VLJQLILFDQWIORZLVQRWUHVWULFWHGWRWKHHQODUJHGIUDFWXUHVDQGLVDIIHFWHGE\WKHORFDOJURXQGZDWHUKHDGGLVWULEXWLRQ7KHZRUNLVEHLQJ







7KH &KDON DTXLIHU LV LPSRUWDQW EHFDXVH LW VXVWDLQV PRVW RI WKH
VXUIDFHZDWHUVDQGFRQVHTXHQWO\IUHVKZDWHUKDELWDWVWKURXJKRXW
ODUJH SDUWV RI VRXWKHUQ (QJODQG DQG WKH 3DULV %DVLQ DQG
XQGHUVWDQGLQJ WKHGLVWULEXWLRQRI IORZ LQ WKHDTXLIHU LV WKHUHIRUH
FHQWUDO WR WKH VXVWDLQDEOH PDQDJHPHQW RI &KDON ORZODQG
FDWFKPHQWV )ORZ LQ WKH &KDON DTXLIHU LV NQRZQ WR EH KLJKO\
KHWHURJHQHRXV RYHU D UDQJH RI VFDOHV DQG XQFHUWDLQWLHV DULVLQJ
IURP KHWHURJHQHRXV IORZ LQ WKH DTXLIHU KDYH VLJQLILFDQW
LPSOLFDWLRQV IRU ZDWHU UHVRXUFH PDQDJHPHQW DW ERUHKROH WR
FDWFKPHQWVFDOHV$OOHQHWDO,QDGGLWLRQDQXQGHUVWDQGLQJ
RI IORZ KHWHURJHQHLW\ LQ WKH DTXLIHU LV RI JUHDW LPSRUWDQFH IRU
JURXQGZDWHUVRXUFHSURWHFWLRQYDQ/HHXZHQHWDODQGIRU
RXU DELOLW\ WR SUHGLFW WKHPRYHPHQW DQG IDWH RI FRQWDPLQDQWV LQ
WKH&KDON





HIIHFWLYH YDOXHV IRU K\GUDXOLF FRQGXFWLYLW\ DQG VWRUDJH DW D
ERUHKROHRUVLWHVFDOHKRZHYHULWLVQRWWULYLDOWRH[WUDSRODWHWKHVH
REVHUYDWLRQV WR ODUJHU VFDOHV JLYHQ WKH QDWXUH RI IORZ
KHWHURJHQHLW\LQWKH&KDON
0RGHOOLQJVWXGLHVRIIORZLQ8.&KDONDTXLIHUVXVXDOO\XVHD
FRQWLQXXP DSSUR[LPDWLRQ ZKHUH WKH IUDFWXUHG URFN PDVV LV
UHSODFHG E\ DQ HTXLYDOHQW SRURXVPHGLXP3DUDPHWHU YDOXHV IRU
VXFKPRGHOV HJK\GUDXOLFFRQGXFWLYLW\DUHJHQHUDOO\REWDLQHG




WKH &KDON RFFXUV DOPRVW HQWLUHO\ WKURXJK GLVFUHWH IUDFWXUHV DQG
WKHVHIUDFWXUHVDUHKLJKO\KHWHURJHQHRXVRYHUDUDQJHRIVFDOHVLW
LVXQOLNHO\WKDWWKHVHDVVXPSWLRQVDUHYDOLG&RQVHTXHQWO\WKHUHLV
D QHHG WR EHWWHU XQGHUVWDQG IORZ KHWHURJHQHLW\ LQ WKH &KDON
DTXLIHUDQGWREHDEOHWRSUHGLFWWKHQDWXUHRIIORZKHWHURJHQHLW\
RQ WKH EDVLV RI RIWHQ UHODWLYHO\ VSDUVHGDWD XS WR WKH FDWFKPHQW
VFDOH0RUHVSHFLILFDOO\WKHUHLVDQHHGWROLQNDQXQGHUVWDQGLQJ
DQGLQWHUSUHWDWLRQRIIORZLQWKH&KDONXVLQJWKHGLVFUHWHIUDFWXUH









K\GURJHRORJLFDO JHRPRUSKRORJLFDO DQG HFRORJLFDO













)LHOG GDWD KDV EHHQ FROOHFWHG XVLQJ DQ LQWHJUDWHG VXLWH RI
JHRORJLFDO DQG JHRSK\VLFDO VXUYH\V DQG ILHOG K\GUDXOLF WHVWV DW
WZR VLWHV )ULOVKDP 0HDGRZ DQG 7UXPSOHWWV )DUP %RWK WKHVH
VLWHVDUHORFDWHGLQWKH3DQJFDWFKPHQWRQWKH&KDONDTXLIHUDERXW
NPZHVWRI/RQGRQ7KHVLWHDW7UXPSOHWWV)DUPLVORFDWHGRQ
DQ LQWHUIOXYHZKLOH WKH)ULOVKDP0HDGRZ VLWH LV ORFDWHG QH[W WR
WKH 5LYHU 3DQJ D VPDOO WULEXWDU\ RI WKH 5LYHU 7KDPHV (LJKW
ERUHKROHVZHUHGULOOHGURWDU\ZLWKDLUIOXVKDW)ULOVKDP0HDGRZ
DQG VHYHQ ZHUH GULOOHG DW 7UXPSOHWWV )DUP 2I WKHVH ERUHKROHV
RQH ZDV FRUHG DW HDFK VLWH 7\SLFDO GULOOHG GHSWKV ZHUH LQ WKH




DGGLWLRQ GLJLWDO RSWLFDO LPDJHU ORJV ZHUH UXQ RQ HDFK ERUHKROH
DQG IUDFWXUHV LQ WKH ERUHKROHV ZHUH SLFNHG IURP WKHVH ORJV WR
REWDLQ RULHQWDWLRQ LQIRUPDWLRQ $ VXLWH RI JHRSK\VLFDO ORJV ZDV
REWDLQHG IRU HDFK ERUHKROH LQFOXGLQJ JDPPD UHVLVWLYLW\
WHPSHUDWXUHDQGHOHFWULFDOFRQGXFWLYLW\,QDGGLWLRQLPSHOOHUIORZ
ORJV ZHUH SURGXFHG XQGHU VWDWLF DQG SXPSHG FRQGLWLRQV
)ROORZLQJ JHRSK\VLFDO ORJJLQJ WKUHH ERUHKROHV DW )ULOVKDP
0HDGRZDQGRQHERUHKROHDW7UXPSOHWWV)DUPZHUHOHIWRSHQIRU




RI WKH VDOW FROXPQ ZLWKLQ WKH ERUHKROH GXH WR IORZ XQGHU ERWK
QDWXUDOJURXQGZDWHUJUDGLHQWFRQGLWLRQVDQGZKLOHDQHLJKERXULQJ
SXEOLF VXSSO\ ERUHKROH ZDV SXPSHG )ROORZLQJ WKH ERUHKROH
GLOXWLRQ WHVW HOHYHQ SDFNHU WHVWV ZHUH SHUIRUPHG RQ WKH VDPH
ERUHKROHRYHULQWHUYDOVRIWRPHWUHV7KHVHWHVWVZHUHXVHGWR








KRUL]RQWDO EHGGLQJ DQG WZR IUDFWXUH VHWV DW KLJK DQJOHV WR
EHGGLQJ )UDFWXUH GHQVLW\ UHGXFHV LQ D QRQOLQHDU PDQQHU ZLWK
LQFUHDVLQJ GHSWK ZLWK WKH WRS PHWUHV RI WKH &KDON W\SLFDOO\
FRQVLVWLQJ RI D &KDON JUDYHO 7KH RSWLFDO LPDJHU ORJV VKRZ WKH
PRVW HQODUJHG IUDFWXUHV WR EH DVVRFLDWHG ZLWK VXENDUVWLF
GHYHORSPHQW DW WKH LQWHUVHFWLRQV RI IDXOWV SDUWLFXODUO\ QHDU WKH





FOXVWHU RI LQWHUVHFWLQJ FRQMXJDWH IDXOWV DW DERXW  PE*/ LV
DVVRFLDWHGZLWKDODUJHVXENDUVWLFYRLGDVUHFRUGHGLQWKHFDOOLSHU





































)LJXUH  7\SLFDO IORZ DQG FDOOLSHU ORJV DQG IUDFWXUH ORJV
GHULYHG IURP RSWLFDO LPDJHU ORJV IRU D ERUHKROH DW )ULOVKDP
0HDGRZ

7KH IORZ ORJ LQ )LJ VKRZV WKH GHHSHVW VLJQLILFDQW LQIORZ
LQWRWKHERUHKROHLVDVVRFLDWHGZLWKWKHEHGGLQJSDUDOOHOIUDFWXUHDW
DERXWPE*/7KHUHLVWKHQDFRQWLQXRXVJUDGXDODFFXPXODWLRQ




%RUHKROH GLOXWLRQ WHVWV DW 7UXPSOHWWV )DUP DUH VXPPDULVHG
JUDSKLFDOO\ LQ )LJ $ERYH DERXW  PE*/ LQIORZ LQWR WKH
ERUHKROH FDXVHV D UDSLG GLOXWLRQ RI WKH WUDFHU RYHU PLQXWHV
7KHUH LV RQO\ OLPLWHG GLOXWLRQ LQ WKH GHSWK LQWHUYDO  WR 
PE*/DOWKRXJKEHORZDERXWPE*/WKHUHDSSHDUVWREHVRPH
IORZ LQWR WKH ERUHKROH 7KH LGHQWLILFDWLRQ RI D UHODWLYHO\ DFWLYH










(YHQ WKRXJK WKH WZR VLWHV DUH LQ FRQWUDVWLQJ ORFDWLRQV RQ DQ
LQWHUIOXYHDQGLQDQDUHDRIJURXQGZDWHUGLVFKDUJHWKHIROORZLQJ
FRPPRQIHDWXUHVFDQEHLGHQWLILHGLDQDFWLYHIORZV\VWHPLQWKH
XSSHU SDUW RI WKH DTXLIHU GRZQ WR DERXW  PE*/ DQG LL DQ
LQWHUYDOEHORZDERXWPE*/ZKHUHWKHUHLVPRUHOLPLWHGIORZ
LQWR WKH ERUHKROHV ,W LV LQIHUUHG WKDW DOWKRXJK ODUJH VXENDUVWLF
YRLGV DUH SUHVHQW DW ERWK VLWHV PXFK RI WKH LQIORZ LQWR WKH





GHSWK%DVHGRQ WKLV REVHUYDWLRQ DQGJLYHQ WKHKHWHURJHQHLW\RI
IORZLQWRWKHERUHKROHLQWKLVLQWHUYDODVLQGLFDWHGE\WKHERUHKROH
GLOXWLRQ WHVW )LJ LW LV LQIHUUHG WKDW IORZ LQWR WKH ERUHKROH DW






$OOHQ '- %UHZHUWRQ /- &ROHE\ /0 *LEEV %5 /HZLV 0$
0DF'RQDOG$0:DJVWDII6-:LOOLDPV$77KHSK\VLFDO
SURSHUWLHV RI PDMRU DTXLIHUV LQ (QJODQG DQG :DOHV %ULWLVK
*HRORJLFDO6XUYH\7HFKQLFDO5HSRUW:'









6WRFKDVWLF GHWHUPLQDWLRQ RIZHOO FDSWXUH ]RQHV:DWHU5HVRXUFHV
5HVHDUFK
)ORZPPVHFDQG&DOLSHUPP




























































$ E V W U D F W   3RWHQWLDO IUDFWXUH ]RQH DTXLIHUV ZHUH WUDFHG LQ WKH DUHD RI PXQLFLSDOLW\ RI /HSSlYLUWD LQ VRXWKHDVW )LQODQG 7KH
FU\VWDOOLQHEHGURFNRIWKHVWXG\DUHDNPFRPSULVHVPDLQO\$UFKHDQDQG6YHNRIHQQLDQVFKLVWVDQG3DOHRSURWHURWVRLFJUDQLWRLGV
)UDFWXUH]RQHVZHUHORFDWHGIURPWKHWRSRJUDSKLFPDSV'(0WKHDLUERUQHJHRSK\VLFDOGDWDDQGUHIUDFWLRQVHLVPLFVRXQGLQJV$VD








VRXWKHDVW )LQODQG +DOI RI WKH  LQKDELWDQWV OLYH LQ WZR
YLOODJHVZKLFKDUHVLWXDWHGDERXWNLORPHWUHVIURPHDFKRWKHU
7KHZDWHUFRQVXPSWLRQRI WKH WZRSRSXODWLRQFHQWUHV LVDERXW
PG7KHZDWHU VXSSO\ZDVEDVHGPDLQO\RQ VXUIDFHZDWHU
XQWLO ¶V ZKHQ WKH FRVWEHQHILWV DQG UHGXFHG KHDOWK ULVNV RI
JURXQGZDWHU EDVHG ZDWHU VXSSO\ EHFDPH HYLGHQW %HIRUH WKH
EHGURFN JURXQGZDWHU SURMHFW SURVSHFWV IRU ILQGLQJ JURXQGZDWHU
IURP JODFLRIOXYLDO IRUPDWLRQV ZHUH LQYHVWLJDWHG 7KH EHGURFN
JURXQGZDWHU SURMHFW VWDUWHG LQ  DQG DIWHU GLIIHUHQW SKDVHV
HQGHG LQ  ,Q WKLV SDSHU WKH PHWKRGV DQG K\GURJHRORJLFDO
LVVXHV RI WKH SURMHFW DUH GLVFXVVHG 7KH FKHPLFDO LVVXHV RI WKH





7KH EHGURFN RI WKH VWXG\ DUHD  NP FRPSULVHV PDLQO\
$UFKHDQ DQG 6YHNRIHQQLDQ VFKLVWV  0D WR WKH QRUWK DQG
HDVW DQG 3DOHRSURWHURWVRLF JUDQLWRLGV  ± 0D WR WKH
ZHVW DQG VRXWK .RUVPDQ HW DO 7KHPDLQ URFN W\SHV DUH
PLFD JQHLVV DQG VFKLVWV JUDQLWH JUDQRGLRULWH LQWHUPHGLDWH WR
PDILF PHWDYXONDQLWHV )LJ 7KH EHGURFN LV FRYHUHG E\
4XDWHUQDU\ GHSRVLWV PDLQO\ WLOO $OWKRXJK WKH PDLQ DTXLIHUV LQ
)LQODQG DUH JODFLRIOXYLDO IRUPDWLRQV GHSRVLWHG GXULQJ WKH ODVW







EDVHG RQ D WRSRJUDSKLFPDS '(0 DQDO\VLV DQG LQWHUSUHWDWLRQ
6XEVHTXHQWO\ SRWHQWLDO IUDFWXUH ]RQHVZHUH WUDFHGPDLQO\ IURP
WKHDLUERUQHJHRSK\VLFDOGDWD$OVRVXOSKLGHEHDULQJVFKLVWVDQG
PHWDYXONDQLWHV ZHUH ORFDWHG WR DYRLG ZDWHU TXDOLW\ SUREOHPV
$OVR VRLO W\SH DQG VRLO WKLFNQHVV ZHUH LQYHVWLJDWHG 7R ORFDWH
IUDFWXUH ]RQHV DFFXUDWHO\ VHYHUDO VHLVPLF VRXQGLQJ OLQHV ZHUH
VLWXDWHGDFURVV WKH LQWHUSUHWHGIUDFWXUH]RQHV5HIUDFWLRQVHLVPLF




$OWRJHWKHU ZHOOVZHUHGULOOHG UDQJLQJ PP LQ
GLDPHWHU DQG  ± PHWHU LQ GHSWK 7KH REVHUYDWLRQV RI WKH
VWUXFWXUH RI WKH EHGURFN \LHOG DQG URFN W\SH ZHUH PDGH IURP
GULOOLQJ FXWV 3XPSLQJ WHVWV ZHUH PDGH LQ  ZHOOV 7KH \LHOG
YDULHG EHWZHHQ  ±  PG &XUUHQWO\  ZHOOV DUH LQ
SURGXFWLRQ \LHOGLQJ  PG LQ WRWDO$W/HSSlYLUWD FDVH WKH
HFRQRPLF\LHOGRIWKHSURGXFWLRQZHOOLVPG
$IWHU PDLQ SKDVHV RI WKH SURMHFW DOVR JUDYLPHWULF DQG







3UHVHQWO\ SURGXFWLRQ ZHOOV DUH VLWXDWHG LQ DOO PDLQ URFN W\SHV
+RZHYHU WKH FRQWDFWV RI GLIIHUHQW URFN W\SHV DSSHDU WR EH
SDUWLFXODUO\ SURGXFWLYH ,Q JUDQLWH DUHD DW ZHVWHUQ SDUW RI WKH











,Q WKH QRUWKHUQ SDUW RI WKH VWXG\ DUHD K\GUDXOLF SDUDPHWHUV
FDOFXODWHG DQG K\GUDXOLF FRQQHFWLRQ RI WKH IUDFWXUH ]RQHV ZHUH
GHWHUPLQHGE\ DQDO\WLFPRGHOOLQJ /HYHLQHQ HW DO %DVHG
RQ SXPSLQJ UDWHV RI WHVW SXPSLQJ RIZHOOV 4 DQG WKH IUDFWXUH
]RQHFURVVVHFWLRQGLPHQVLRQV$WKHVSHFLILFGLVFKDUJHTZHUH
FDOFXODWHG WR EH EHWZHHQ  ±   3XPSLQJ UDWH 4 LV






DQGK\GUDXOLF FRQGXFWLYLW\QRWLFHG WREH DSSUR[LPDWHO\ VDPHDV
WKHK\GUDXOLFFRQGXFWLYLW\PVLQJUDQLWHJQHLVVDUHDEDVHGRQ
PRGHOOLQJ E\ /HYHLQHQ  7DE 7KH DQDO\VLV EHWZHHQ
\LHOGRIWKHEHGURFNZHOOVDQGWKHVHLVPLFYHORFLW\RIWKHIUDFWXUH
]RQHV\VWHPVVKRZHG WKDW WKHVHLVPLFYHORFLW\LV±
PV LQ IUDFWXUH ]RQHRI EHVW SXPSLQJ UDWH )LJ7KHSXPSLQJ






7KH LQYHVWLJDWLRQV RI \LHOG RI GULOOHG ZHOOV VHLVPLF YHORFLW\ RI
IUDFWXUHG EHGURFN DV ZHOO DV WKH VWUXFWXUHV DQG GLPHQVLRQV RI
IUDFWXUH ]RQHV LQ /HSSlYLUWD KDYH PDGH SRVVLEOH WR GHYHORSHG
JURXQGZDWHU H[SORUDWLRQ SURFHGXUHV DSSOLFDEOH LQ VLPLODU KDUG
URFN DUHDV ODFNLQJ VRLO DTXLIHUV 3URMHFW KDV SURYLGHG DOVR DQ
H[DPSOH IRU FRRSHUDWLRQ SURMHFW EHWZHHQ *7. UHJLRQDO
HQYLURQPHQWDO DXWKRULWLHV DQG PXQLFLSDOLWLHV 7KH VSHFLILF
GLVFKDUJH T LV D SRVVLEOHPHWKRG WR DVVHV RI YDULDWLRQV RI WKH
K\GUDXOLFFRQGXFWLYLW\NLQIUDFWXUH]RQHV\VWHPV
,Q IXWXUH ODUJHUSURMHFW LV VWDUWLQJ WR WKH UHJLRQDODVVHVVPHQW
RI WKH IUDFWXUH ]RQHV DTXLIHUV LQ FU\VWDOOLQH EHGURFN DUHDV 7KH
PDLQ PHWKRGV LQ WKLV SURMHFW DUH EHGURFN VWUHVV PRGHOOLQJ
+RO\ODQGHW DO  DQG WKH DQDO\VLV RI WKHEHGURFN VWUXFWXUH
GHYHORSPHQWKLVWRU\3DMXQHQHWDO$OVRQHZJHRSK\VLFDO
PHWKRGV DUH H[DPLQHG WR KHOS RQ LQWHUSUHWDWLRQ RI EHGURFN










2VVL 9DOWRQHQ IURP WKH PXQLFLSDOLW\ RI /HSSlYLUWD RI WKHLU







+RO\ODQG 3: 2MDOD 9-  &RPSXWHUDLGHG VWUXFWXUDO
WDUJHWLQJ LQ PLQHUDO H[SORUDWLRQ WZR DQG WKUHHGLPHQVLRQDO
VWUHVVPDSSLQJ$XVWUDOLDQ-RXUQDORI(DUWK6FLHQFHV

.ORFNDUV - /LSSRQHQ$%UHLOLQ2.HVROD5 4XDOLW\ RI












)LQODQG ,Q 7UDQVSRUW DQG IORZ SURFHVVHV LQ VKHDU ]RQHV 
6HSWHPEHU  /RQGRQ SURJUDPPH DQG DEVWUDFWV /RQGRQ
*HRORJLFDO6RFLHW\
7LNNDQHQ-)RUVV+.HVROD5%HGURFNJURXQGZDWHUDQ
XQH[SORLWHG JURXQGZDWHU UHVRXUFH LQ )LQODQG ,Q 6XRNNR 7















    
6H LVPLF YH ORF LW\RIIUDF WXUH ]RQH PV
)LJXUH  6HLVPLF YHORFLW\ RI IUDFWXUH ]RQHV FRPSDUHG WR
WKH SXPSLQJ UDWH RI EHGURFNZHOOV LQ FU\VWDOOLQH EHGURFN
DUHDLQ/HSSlYLUWDDUHDLQPLG)LQODQG
3XPSLQJV LWH 5RFNW\SH %UHDGWKRIWKH 2SHQKROH 6SHFLILF'LVFKDUJH
)UDFWXUH $GMDFHQWEHGURFN IUDFWXUH OHQJKW 7HV W 3URGXFWLRQ T 4$
]RQH $ % ]RQHP  P  SXPSLQJ  P V 
+HLQlPlNL+ 0LFDJQHLVV        
3RKMXNDQVDOR3 0LFDJQHLVV        
3RKMXNDQVDOR3 0LFDJQHLVV        
+DXNLODKWL6 *UDQLWH        
3RUWWLOD3 *UDQRGLRULWH        
+DXNLQLHP L6 *UDQLWH        
+LHNNDKDUMX6 *UDQLWH        
+DXNLODKWL6 *UDQLWH        
+HLQlPlNL+ 0LFDJQHLVV        
+HLQlPlNL+ 0LFDJQHLVV        
3RUWWLOD3 *UDQRGLRULWH        
.RQQLQPlNL. 0LFDJQHLVV        
+LLULODPSL+/ *UDQRGLRULWH        














$ E V W U D F W   7KLV SDSHU GLVFXVVHV DW ILUVW WKH LQIOXHQFH RI WKUHH PDMRU JURXSV RI YDULDEOHV RQ WKH TXDQWLWDWLYH DQG TXDOLWDWLYH
FKDUDFWHULVWLFV RI JURXQGZDWHU LQ 3UHFDPEULDQ URFNV RI WKH HDVWHUQ %UD]LOLDQ 6KLHOG D VHPLDULG UHJLRQ 7KHVH YDULDEOHV DUH IURP
JURXQGV RI JHRWHFWRQLFV FOLPDWLF DQG SK\VLRJUDSKLF FRQGLWLRQV DQG IURP JHQHUDO ZHOO FKDUDFWHULVWLFV VXFK DV FRQVWUXFWLRQ DQG











PLQHUDO UHVRXUFH IRU WKH HDVWHUQ VWUXFWXUDO SURYLQFHV RI WKH





2QO\ LQ WKH ODVW  \HDUV WHFKQLFDO FULWHULD EDVHG RQ VWUXFWXUDO
JHRORJ\JURXQGVVWDUWHGWREHLQWURGXFHGZLWKYHU\HQFRXUDJLQJ
UHVXOWV $ VXEVWDQWLDO SURJUHVV ZDV DFFRPSOLVKHG LQ WHUPV RI
ORFDWLRQRIZDWHUZHOOVDQGWKHDPRXQWRIGU\RUDQGDEDQGRQHG
ZDWHUZHOOVKDYHVLQFHWKHQGHFUHDVHG
)RU DTXLIHU V\VWHPV RI LJQHRXV DQG PHWDPRUSKLF URFNV D
FRQWH[W RI JUHDW GLYHUVLW\RI SUREOHPVKDVEHHQ UHFRJQLVHG7KH
JHQHUDO VLPSOLVP RI PDQ\ WH[WERRNV DQG SDSHUV FDQQRW EH
DFFHSWDEOH DQ\PRUH 7KHUH DUH DTXLIHU V\VWHPV DQG DTXLIHU
V\VWHPV DG WKLV HYRNHG SDUDSKUDVH IURP 5HDG LV YDOLG 6XFK
GLYHUVLW\ LV GHWHUPLQHG E\ WKUHH GLIIHUHQW PDMRU JURXSV RI
YDULDEOHVIURPWKHGRPDLQVRI*HRWHFWRQLFVFOLPDWLFFRQGLWLRQV
SK\VLRJUDSK\ DQG IURP WKH RYHUDOO ZDWHU ZHOO FKDUDFWHULVWLFV
FRQGLWLRQVWDEQH[WSDJH
7KH XQGHUVWDQGLQJ DERXW WKH H[WUDRUGLQDU\ GLYHUVLW\ RI WKH
FU\VWDOOLQH DTXLIHU V\VWHPV ZDV JUDGXDOO\ DFKLHYHG ZLWK WKH
SUDFWLFHRIDWWHQGLQJZDWHUVXSSO\QHHGVRIGLIIHUHQWJHRJUDSKLF
DQGJHRWHFWRQLFUHJLRQVRIWKHHDVWHUQ%UD]LOLDQVKLHOG)RUHDFK
FUXVWDO W\SH WKH JHQHUDO FRQGLWLRQV RI WKH DTXLIHU V\VWHPV KDYH
VKRZHG VXEVWDQWLDO GLIIHUHQFHV DQG SHFXOLDULWLHV )RU VRPH
PLFURFOLPDWLF GRPDLQV ZLWK HLWKHU KLJKHU RU UHJXODU DQQXDO
UDLQIDOO UDWHV VRPH PLQRU GHSHQGHQFH RI WKH OLWKRORJLFDO DQG
VWUXFWXUDODVVRFLDWLRQVKDVEHHQYHULILHG
7KLVSDSHUSRVWXODWHV WKDW LI LWZLOOEHSRVVLEOH WRPD[LPLVH
WKH WKLUG JURXS RI IDFWRUV RI WKH WDE ZHOO GHVLJQ ZHOO
FRQVWUXFWLRQHWFIRUDVDPHDUHDWKHNQRZOHGJHRIYDULDEOHVRI
WKHWHFWRQLFSRLQWRIYLHZZRXOGEHRIRXWVWDQGLQJLPSRUWDQFH,Q
VXP LW LV SRVVLEOH WR XVH WKH NQRZOHGJH RI WKH WHFWRQLF
UHJLRQDOLVDWLRQWRLPSURYHWKHFKRLFHRIWKHEHVWZDWHUZHOOVLWHV
DOZD\VDQGHYHU\ZKHUH
7KH 6mR )UDQFLVFR VWUXFWXUDO SURYLQFH LV D V\Q%UDVLOLDQR
FUDWRQLFQXFOHXVZLWKDEDVHPHQWFRPSRVHGPRVWO\RIKLJKJUDGH
WHUUDQHVVRPHPLQRUJUHHQVWRQHEHOWVDQGIROGEHOWVDQGFRYHUV
RI 3DOHRSURWHUR]RLF DQG 0HVRSURWHUR]RLF DJHV DV ZHOO DV D
H[WHQVLYH SHOLWLFFDUERQDWLF FRYHU VHTXHQFH RI 1HRSURWHUR]RLF
DJH 7KH%RUERUHPD VWUXFWXUDO SURYLQFH LV D FRPSOH[ EUDQFKLQJ







7KH WHFWRQLFDQGK\GURJHRORJLFDOREVHUYDWLRQVFDUULHGRXW LQ WKH
ODVW\HDUVDUHVXJJHVWLQJ WKH H[SHULPHQWDOGLVFULPLQDWLRQRI
DWOHDVWGLIIHUHQWW\SHVRIFU\VWDOOLQHDTXLIHUV\VWHPVDVSRLQWHG
RXW LQ WDE QH[W SDJH 7KH LQIRUPDO GLVFULPLQDWLRQ LQ FDSLWDO
OHWWHUV LV WU\LQJ WR IROORZ WKHQDWXUDORUGHURI LPSRUWDQFH UDQN
EXW WKLV LV QRW DQ HVVHQWLDO SUHPLVH 6RPH WUDQVLWLRQDO IHDWXUHV
FRXOGEHREVHUYHGIURPDSURSRVHGDTXLIHUV\VWHPWRDQRWKHUHJ
$% &' HWF $GGLWLRQDOO\ VRPH VXEGLYLVLRQV RI WKHVHPDLQ
W\SHVDUHSRVVLEOHWREHGRQHEXWWKLVVKRXOGZDLWWREHVXEMHFWRI
IXUWKHUDQDO\VHV
,W LV QHFHVVDU\ WR DGG DQG UHPDUN WKDW WKH TXDQWLWDWLYH DQG
TXDOLWDWLYH GDWD RI DOO DTXLIHU V\VWHPV ZLOO EH VXEVWDQWLDOO\
LPSURYHG ZKHQ WKH\ ZLOO EH RFFXUULQJ LQ KXPLG DUHDV FRDVWDO
DUHDV PLFURFOLPDWLF RDVLV 1HYHUWKHOHVV WKH YDOLGLW\ RI WKH
WHFWRQLFIDFWRUVLWHPWDEZLOOVWLOOUHPDLQPDQLIHVW
$W\SH DTXLIHU V\VWHPV XVHV WR SUHVHQW VKDOORZZDWHU WDEOH
DQG ORFDOO\ DUWHVLDQ FRQGLWLRQV PD\ EH GHYHORSHG 7KH JUHDWHVW
ZDWHUZHOO\LHOGNQRZQLQ1RUWKHDVW LV IURPWKLV W\SHRIDTXLIHU
V\VWHP,Q%W\SH4VXVHVWRLQFUHDVHZLWKNDUVWGLVVROXWLRQDQG
WKH LQWHQVLW\ RI IROGLQJ DQG UHODWHG IUDFWXUHV7KH VDPH LV WUXH
IRU&DQG'W\SHVDQGLQWKHVHSDUWLFXODUFDVHVORFDOIDXOW]RQHV
KDYHEHHQUDWKHULPSRUWDQW6HYHUDOWUDQVLWLRQDOFRQGLWLRQVPD\EH
GHWHFWHG LQ WKH ILHOG IURP$W\SHDQG%W\SH DQG%W\SH IODW 
O\LQJURFNXQLWVWR&DQG'W\SHVIROGHGURFNXQLWV
8VXDOO\ (W\SH DQG )W\SH DVVHPEOH WKH ZRUVH JHQHUDO
FRQGLWLRQVIRUJURXQGZDWHUUHVHDUFKDQGH[SORUDWLRQ6RPHORFDO
OLWKRORJLFDO  TXDUW]LWHVPHWDDUNRVHV TXDUW]LWLF UDQJHV (¶)¶





/RQJ DQG OLQHDU SRO\F\FOLF VKHDU ]RQHV DUH D UHPDUNDEOH
IHDWXUHVRIWKDWSDUWRIWKH%UD]LOLDQ6KLHOG%XWIRUWKLVVRFDOOHG
*W\SHVDTXLIHUV\VWHPV WKHUH LVQRWXS WRQRZHQRXJKFULWLFDO
PDVVRIGDWD WRGHILQHTXDQWLWDWLYHDQGTXDOLWDWLYH UHVXOWV7KHUH
DUH VRPH LPSRUWDQW ]RQHV IRU H[SORUDWLRQ ZKHUH WKHUH ZDV WKH


























































































































































































WKHZHDWKHUHG]RQHDUHEXLOGLQJXS WKLFN OD\HUVRI VRPH WHQVRI
PHWHUV RYHU IUDFWXUHG TXDUW]LWH URFNV 7KH XSSHU DTXLIHU FDQ EH
REVHUYHGLQWKHSRURXVPHGLDDQGWKHVHFRQGDTXLIHULQWKHIUDF
WXUHG URFNV 7KH DLP RI WKLV DEVWUDFW LV WR VKRZ WKH UHODWLRQ RI
JURXQGZDWHULQERWKPHGLD






















%RWK JURXQGZDWHU ERGLHV DUH QRW VHSDUDWHG DOO WLPH ORQJ
7KH\FDQEHREVHUYHGLVRODWHGIURPRQHHDFKRWKHUGXULQJWKHGU\
SHULRGZKLOH GULOOLQJ DZHOO7KHERWWRPRI WKH WRSDTXLIHU LV LQ
FRQIRUPLW\ZLWK WKH WRS RI WKH VROLGTXDUW]LWH URFN7KHPDUNHG
IUDFWXUHV LQ WKH URFN DUH RSHQHG ZLGH LQ WKLV LQWHUIDFH EHWZHHQ




WKDW GRHV QRW DOORZ WKH IUHHZDWHU IOX[ IURP FRQWLQXRV OHDNDJH
7KH EDUULHU LV FRQWUROOHG E\ WKH SUHVHQFH RIZHDWKHUHGPDWHULDO














7KLVPRGHO LVEDVHGRQHPSLULFDOREVHUYDWLRQV LQ WKHDTXLIHUVRI
WKH)HGHUDO'LVWULFWDUHDDQG WKHQHLJKERXUKRRGGXULQJWKHFRQ
VWUXFWLRQRIGHHSZHOOV WKHPRQLWRULQJRI VSULQJVGLVFKDUJH WKH
HYDOXDWLRQ RI ZDWHUVKHG EHKDYLRXU DQG WKH PRQLWRULQJ RI ZDWHU








DQGGLVDSSHDUV LQ WKHRSHQIUDFWXUHV%HOORZ WRPHWHUVDOO




 ± 6RPH ZDWHU ZHOOV WKDW KDYH WKH VKDOORZ SRUWLRQ WRWDOO\
LVRODWHGVKRZDORZHUSLH]RPHWULFKHDGIRUWKHIUDFWXUHG]RQHLQ






 ± 7KH SUHVHQFH RI YDGRVH FDYHUQV ZKHUH PDQ\ VKDOORZ




RIFXELFPHWHUVSHUKRXU WKHUH LVQR LQWHUIHUHQFHRI WKHVKDOORZ
ZHOOVZDWHUOHYHOVWKDWYDULHVIURPWRPHWHUVGHSWK
 ± 7KH GLVFKDUJH RI QDWXUDO VSULQJV FRQILUPV WKH SURSRVHG
PRGHO&DGDPXURHYDOXDWHG WZRVHWVRIVSULQJV LQDKLJK
SODWHDXRIWKH)HGHUDO'LVWULFWUHJLRQDQGVKRZHGWKDWWKHUHLVDQ
LPSRUWDQW GLIIHUHQFH LQ WKH EHKDYLRXU RI WKH VSULQJV GLVFKDUJH
7KH VSULQJV VLWXDWHG LQ WKH SRURXV DTXLIHUV VKRZ DQ LQFUHDVH RI
GLVFKDUJHRQHPRQWKDIWHU WKH UHFHVVLRQSUHFLSLWDWLRQSHULRG%\
WKHRWKHUKDQGWKHVSULQJVVLWXDWHGLQURFNRXWFURSVUHODWHGWRWKH
IUDFWXUHG DTXLIHUV MXVW EHJLQ WKH LQFUHDVLQJ RI GLVFKDUJH WZR WR
WKUHHPRQWKVDIWHUWKHEHJLQQLQJRIWKHUDLQ\SHULRG7KLVEHKDY
LRXU VXJJHVWV WKDW WKH UHFKDUJH RI WKH IUDFWXUHG GRPDLQ DTXLIHU
WDNHV ORQJHU EHFDXVH RI WKH ODWHU VWDUWLQJ GLVFKDUJH RI WKHXSSHU
SRURXVDTXLIHU

  $QRWKHU DUJXPHQW ZDV VWXGLHG E\ 6RX]D  RQ WKH
PRQLWRULQJRIDOLWWOHZDWHUVKHGLQWKH)HGHUDO'LVWULFWUHJLRQ7KH
PHDVXUHSRLQWVZHUHGLVWULEXWHGLQWKLFNVRLODUHDVDQGLQWKHURFN
RXWFURSVSRUWLRQRI WKHEDVLQ ,Q WKHSRURXVDTXLIHU VRLO UHJLRQ
WKHEDVH IORZVKRZDQ LQFUHPHQWDO IDFWRUSURSRUWLRQDO WR WKH LQ
FUHPHQW RI WKH DUHD 7KH REVHUYDWLRQ LQ WKH IUDFWXUHG DTXLIHU
VKRZV LQ VRPH FDVHV D GHFUHDVH RIZDWHU GLVFKDUJH RU DQ LQVLJ
QLILFDQWLQFUHDVH7KLVVWXG\FRQILUPVWKHLPSRUWDQFHRIWKHVKDO
ORZDTXLIHUVEDVHIORZIRUWKHSHUPDQHQWIORZRIWKHVWUHDPV'H







REVHUYDWLRQGHPRQVWUDWHV WKDW WKHPRGHO LV MXVWYDOLG WR WKH LQWH
ULRURIWKHSODWHDXV
7KHGHHSHUSRWHQFLRPHWULFVXUIDFHLVQRWUHDOO\DUHJXODUVXU
IDFH OLNH WKHRQHVREVHUYHG LQ LVRWURSLFDQGKRPRJHQHRXVDTXL
IHU7KHIUDFWXUHVDUHQRWOLQNHGWRRQHDFKRWKHU7KDWLVZK\LQ
WKLV FDVH WKH VRFDOOHG SRWHQFLRPHWULF VXUIDFH LV WKHPHDQZDWHU
WDEOH LQ WKH IUDFWXUHG URFN 7KH PRQLWRULQJ RI WKH ZDWHU OHYHOV
VKRZVWKDWWKHWRSRIWKHVDWXUDWHG]RQHLQWKHKDUGURFNGRPDLQLV
LUUHJXODUDQGLVGHILQHGE\GLIIHUHQWEORFNVOLPLWHGE\WKHUHJLRQDO

















,W LV LPSRUWDQW WR SRLQW RXW WKDW WKH SXUSRVHG PRGHO LV QRW
YDOLG WR DQ\ V\VWHP WKDW VKRZV WKLFN UHJROLWK RYHU LJQHRXV RU
PHWDPRUSKLFURFNVEXWMXVWIRUWKHFDVHVZKHUHWKHUHOLHISDWWHUQ
















PRJHQHRXV LQWHUJUDQXODU SRURVLW\ RI WKH VRLOVDSUROLWH FRYHUDJH
DQGUHVXOWVLQWKHIRUPDWLRQRIDK\GUDXOLFEDUULHULQWKLVFRQWDFW
6WXGLHV EDVHG RQ LVRWRSLF GDWD GHWDLOHG K\GURFKHPLVWU\ DQG











LQ IUDFWXUHG URFNV ± DQ H[DPSOH IURP WKH )HGHUDO 'LVWULFW RI
%UD]LO IRU WKH VXVWDLQDELOLW\ RI WKH V\VWHP ,Q 'LOORQ 3 HG







5RFNV LQ WKH )HGHUDO 'LVWULFW RI %UDVLOLD $ 6XVWDLQDEOH 6XS



























7KH WRZQ RI &HXWD LV VLWXDWHG LQ WKH QRUWK RI$IULFD DQG KDV D
SRSXODWLRQRILQKDELWDQWV,WVZDWHUUHVRXUFHVDUHVXSSOLHG
E\WZRGDPVZLWKDZKROHFDSDFLW\RIKPVHYHUDOGULOOLQJV
DQG VRPH VSULQJV VLWXDWHG IDU IURP WKH FLW\ +RZHYHU WKH







DV 6HSWLGHV DQG*KRPDULGHV XQLWV 6HUY*HRO GH0DURF 
DQG WKH\ DUH WKH REMHFWLYHV RI WKLV UHVHDUFK 7KRVH XQLWV DUH






OLPLWHG WKLFNQHVV DQG ZLWK VFDUFH RXWFURSV LQ ZKLFK VRPH
ZHOOV IRUZDWHU VXSSO\ RFFXU DQG OLPHVWRQHV DQG GRORPLWHV
7ULDVVLF RI D KLJK WUDQVPLVLYLW\ DOWKRXJK WKH\ SUHVHQW
VFDUFHZDWHUUHVRXUFHVDJDLQGXHWROLPLWHGH[WHQVLRQRIWKHLU
RXWFURSVDQG
 ORZ SHUPHDELOLW\ URFNV UHSUHVHQWHG E\ JQHLVVHV VFKLVWV





7R UHYHDO WKH QHZ ZDWHU VRXUFHV K\GURJHRORJLFDO UHVHDUFK
ZDV FDUULHG RXW ,Q LWV IUDPH  GULOOLQJV  ZHOOV DQG 
ERUHKROHV RI D WRWDO GULOOLQJ GHSWK RI  PHWHUV KDYH EHHQ
FDUULHG RXW$OPRVW DOO ZHUH VLWXDWHG LQ ORZ SHUPHDELOLW\ URFNV
JQHLVVHVVFKLVWVVODWHVSVDPPLWHVDQGFDUERQDWHGVODWHV7KLV
GULOOLQJ SKDVH KDV SHUPLWWHG WR NQRZ WKHLU K\GURJHRORJLFDO
FKDUDFWHULVWLFV DVZHOO DV WKHZDWHU YROXPH WKDW FDQ EH SXPSHG
&+6
7KH GHSWK RI ZHOOV UDQJHV EHWZHHQ  DQG  P EXW WKH
PDMRULW\RI WKHP  DUHRI PGHHS$OOZHOOVZHUHFDUULHG
RXW E\ WKH URWDU\SHUFXVVLRQ PHWKRG FRXSOHG WR D SQHXPDWLF
KDPPHU3XPSLQJZHOOVZHUHGULOOHGZLWKDGLDPHWHURIPP
LQ WKHLUXSSHUSDUWVDQGPPWLOO WKHHQGRI WKHERUHKROH ,Q
WKHXSSHUSDUWWKHVWHHOFDVLQJRIPPGLDPHWHUZDVLQVWDOOHG
)XUWKHUPRUH DOO WKHZHOOVZHUH LQVWDOOHGZLWK D 39& FDVLQJ RI












6FKLVWV SK\OOLWHV VODWHV DQG SVDPPLWHV FRQVWLWXWH WKH
PDMRULW\ RI WKH WHUULWRU\ 7KH\ IRUP D YHU\ WKLFN XQLW ZLWK D
ZHDWKHULQJ ]RQH RI OHVV WKDQ VRPH WHQV RI PHWHUV 5DLQ ZDWHU
DFFXPXODWHV LQ WKH ZHDWKHULQJ ]RQH DQG LQ WKH MRLQWV DQG
IUDFWXUHVRI WKH URFNV FRPPRQO\ ILOOHGZLWKFOD\7KHTXDUW]LWH
LQWHUFDODWLRQVDUHPRUHSHUPHDEOH7KHFDUERQDWHGVODWHVSUHVHQW
VOLJKWO\ KLJKHU SHUPHDELOLWLHV DOWKRXJK WKH\ SURYLGH ORZ ZDWHU
YROXPHV
7KH UHG VDQGVWRQHV RI 3HUPRWULDVVLF DJH DUH RI VPDOO
K\GURJHRORJLFDO LPSRUWDQFH GXH WR WKHLU FHPHQWDWLRQ DQG IHZ
RXWFURSV LQ WKHDUHD&OD\VDQGVDQGVWRQHV )O\VFKGXH WR WKHLU
ORZSHUPHDELOLWLHVDUHDOVRRIDORZK\GURJHRORJLFDOLPSRUWDQFH









)LJXUH6SHFLILFFDSDFLW\DJDLQVW WKHSXPSLQJUDWH LQ ORZHU
SHUPHDELOLW\URFNVRI&HXWDDUHD

*QHLVVHV KDYH D ORZHU VSHFLILF FDSDFLW\ EHWZHHQ  DQG 
PGD\ P ZLWK DQ DYHUDJH YDOXH RI  PGD\ P ZLWK \LHOGV
EHWZHHQDQG/V
7KH VFKLVWV FDQ EH GLYLGHG LQWR WZR JURXSV PRVW RI ZHOOV
SURYHG D ORZ VSHFLILF FDSDFLW\  PGD\P ZLWK D \LHOG RI
/V,QVRPHRIWKHZHOOVWKHSXPSLQJWHVWKDGWREHVWRSSHG
ZKHQ WKH GUDZGRZQ UHDFKHG WKH SXPSLQJ GHYLFH ,Q IUDFWXUHG
VFKLVWV RU LQ WKHLU TXDUW]LWH LQWHUFDODWLRQV DQ LQFUHDVH LQ WKH





FRUUHVSRQG WR WKH PHQWLRQHG VSHFLILF FDSDFLWLHV 7KH KLJKHVW
WUDQVPLVLYLWLHVZHUH DVVHVVHG LQ FDUERQDWHG VODWHV PGD\
9DOXHV EHWZHHQ  DQG  PGD\ ZHUH REWDLQHG LQ IUDFWXUHG
JQHLVVHVDQGRULQTXDUW]LWHVFKLVWV7KHORZHVWYDOXHVHYHQOHVV
WKDQPGD\FRUUHVSRQGWRVFKLVWVDQGUHGVDQGVWRQHV
7KH JURXQGZDWHU LV RI DPL[HG W\SHZLWK WKHPRVW IUHTXHQW
LRQV+&2 DQG&O DQG&D DQG1D7KHPD[LPXPHOHFWULFDO








































'LGRQ - 'XUDQG'HOJi 0 .RUQSUREVW -  +RPRORJLHV




























































$ E V W U D F W   ,JQHRXVPHWDPRUSKLFDQGVWURQJO\FHPHQWHGVHGLPHQWDU\URFNVDUHZLGHVSUHDGWKURXJKRXWH[WHQVLYHDUHDVRI(XURSH













RI WKHVH GRPDLQV FRUUHVSRQG WR WKH %RKHPLDQ 0DVVLI DQG WKH
,EHULDQ DUHD ERWK LQFOXGLQJ URFNV VWURQJO\ DIIHFWHG E\
3UHFDPEULDQ &DOHGRQLDQ DQG 9DULVFDQ RURJHQLHV %DVHG RQ





,Q WHUPV RI K\GURJHRORJ\ WKUHH GLVWLQFW YHUWLFDO ]RQHV FDQ EH
GLVWLQJXLVKHG LQ PRVW RI KDUG URFNV 7KH XSSHUPRVW ZHDWKHUHG
]RQH ZLWK GRPLQDQW LQWHUVWLWLDO SRURVLW\ WKH LQWHUPHGLDWH ]RQH
FKDUDFWHULVWLF PRVWO\ RI D UHODWLYHO\ GHQVH IUDFWXULQJ DQG WKH
ORZHUPDVVLYHEHGURFN]RQHWKDWLVPRVWO\FKDUDFWHULVHGE\DOHVV
IUHTXHQW IUDFWXULQJ EXW VRPHWLPHV ZLWK GHHSVHDWHG IDXOW ]RQHV
HQDEOLQJPLQHUDODQGWKHUPDOZDWHUIORZ
7KH XSSHU DQG LQWHUPHGLDWH ]RQHV IRUP WKH PDLQ UHJLRQDO
³VKDOORZ´ DTXLIHU 7KH WKLFNQHVV DQG FKDUDFWHU RI WKLV DTXLIHU
YDULHV DFFRUGLQJ WR IDXOWLQJ DQG IUDFWXULQJ URFN SHWURJUDSK\
ZHDWKHULQJPRUSKRORJ\DQGFOLPDWH/DUVVRQHWDO
+DUG URFNV RI WKH %RKHPLDQ0DVVLI DUH FKDUDFWHULVHG E\ D
ZLGH YDULHW\ RI SHWURJUDSKLF W\SHV LJQHRXV URFNV UDQJLQJ IURP
JUDQLWH WREDVLFURFNVDQGPHWDPRUSKLFURFNV LQFOXGLQJYDULRXV
W\SHV RI JQHLVV PLJPDWLWH PLFD VFKLVW SK\OOLWH JUDQXOLWH HWF
6KDOHJUH\ZDFNHVDQGVWRQHDQGFRQJORPHUDWHPDLQO\UHSUHVHQW
VHGLPHQWDU\URFNV
,Q WKH ,EHULDQ 3HQLQVXOD WZR DUHDV ZHUH VHOHFWHG WR EH
FRPSDUHG ,Q 6RXWK 3RUWXJDO ZKHUH VFDWWHUHG JURXQGZDWHU
VXSSO\ GHSHQGV RQ KDUGURFN DTXLIHUV LJQHRXV URFNV DUH
UHSUHVHQWHG E\ JUDQLWHV JUDQRGLRULWHV TXDUW]RGLRULWHV GLRULWHV
JDEEURV DQG SRUSK\ULHV 6FKLVWV PHWDPRUSKLF JUH\ZDFNHV DQG
FRQJORPHUDWHV JQHLVV DQG PHWDPRUSKLF YROFDQRVHGLPHQWDU\
FRPSOH[HVUHSUHVHQWWKHPDLQW\SHVRIPHWDPRUSKLFURFNV
,Q WKH FHQWUDO SDUW RI WKH ,EHULDQ 3HQLQVXOD LQ 6SDLQ WKH
LPSRUWDQFHRIKDUGURFNDTXLIHUV LV UHODWLYHGXH WRWKHSUHVHQFH
RI LPSRUWDQW VHGLPHQWDU\ EDVLQV 7KHUHIRUH RQO\ D IHZ
K\GURJHRORJLFVWXGLHVZHUHFDUULHGRXWQDPHO\LQWKHPHULGLRQDO
VORSH RI WKH &HQWUDO 6\VWHP 0DVVLIV RI 6RPRVVLHUUD
*XDGDUUDPDDQGWKHRULHQWDOVHFWRURIWKH*UHGRV0DVVLI/ySH]
9HUD<pODPRVDQG0DUWtQ/RHFKHVFDUULHG
RXW WKH VWXGLHV WR DVVHVV JURXQGZDWHU DEVWUDFWLRQ SRVVLELOLWLHV
7KLV DUHD LV UHSUHVHQWHG E\ ORZJUDGH PHWDPRUSKLF URFNV
VFKLVWV TXDUW]LWHV VODWHOLNH VFKLVWV PHGLXP DQG KLJKJUDGH
VFKLVWVPLFDVFKLVWVJQHLVVHVDQGJUDQLWRLGURFNVDGDPHOOLWHV
OHXNRDGDPHOOLWHVJUDQRGLRULWHV
,Q WKH 3RUWXJXHVH DUHD WKH FOLPDWH LV VHPLDULG 7KH
XSSHUPRVWZHDWKHUHG ]RQH LV W\SLFDOO\ XS WR   PHWHUV WKLFN
&KDPEHO  H[FHSW IRU VRPH LJQHRXV EDVLF URFNV PDLQO\
JDEEURV 'XTXHRUPHWDPRUSKLFJQHLVVHV DQGPLJPDWLWHV
)LDOKR HW DO  ZKHUH WKH ZHDWKHUHGKLJKO\ IUDFWXUHG ]RQH













'RPLQDQW URFN W\SHV   LJQHRXV   PHWDPRUSKLF DQG RU
LQWHQVLYHO\IROGHGVHGLPHQWDU\PDLQO\FODVWLFRWKHUV
0DVVLIVDQGVKLHOGV$+$%RKHPLDQ0DVVLI%,EHULDQDUHD
&  1RUGLF DUHD %DOWLF 6KLHOG '  0DVVLI &HQWUDO (  )UHQFK
$UPRULFDLQ0DVVLI)$UGHQQH5KLQHDUHD*9RVJHVDQG%ODFN
)RUHVW+8NUDLQH6KLHOG,8.DQG,UHODQG
&RUHV RI 0HVR]RLF DQG &HQR]RLF RURJHQLF EHOWV -6 - 
3\UHQHHV .  &RUVLFD DQG6DUGLQLD /  &DODEULD DQG6LFLO\0 






7UDQVPLVVLYLW\ LV DQ LPSRUWDQW K\GUDXOLF SURSHUW\ RI DTXLIHUV
7KHUHIRUHNQRZOHGJHRIWUDQVPLVVLYLW\GLVWULEXWLRQKHOSVWRGUDZ
LPSRUWDQW FRQFOXVLRQV IURP K\GURJHRORJLF VWXGLHV SURYLGLQJ D
EDVLV IRU IXWXUH JURXQGZDWHU H[SORUDWLRQ GHYHORSPHQW
DEVWUDFWLRQDQGSURWHFWLRQ.UiVQê
,QRUGHUWRFRPSDUHREMHFWLYHO\WUDQVPLVVLYLW\YDOXHVRQORFDO
DQG UHJLRQDO VFDOHV LQFOXGLQJ WKHLU UHSUHVHQWDWLRQ LQ
K\GURJHRORJLFPDSV.UiVQêLQWURGXFHGDFODVVLILFDWLRQRI
WUDQVPLVVLYLW\ PDJQLWXGH DQG YDULDWLRQ ,Q DGGLWLRQ WR RWKHU
SDUDPHWHUVH[SUHVVLQJWUDQVPLVVLYLW\WKHLQGH[RIWUDQVPLVVLYLW\
< >D ORJDULWKPLF WUDQVIRUPDWLRQ RI VSHFLILF FDSDFLW\ T 
< ORJTZKHUHVSHFLILFFDSDFLW\TLVH[SUHVVHGLQ/VP@FDQ
ZHOOEHXVHGLQUHJLRQDOK\GURJHRORJLFVWXGLHV
7KH FODVVLILFDWLRQ FRQVLVWV RI VL[ FODVVHV RI WUDQVPLVVLYLW\
PDJQLWXGH ,  YHU\ KLJK PRUH WKDQ  PG WR 9, 
LPSHUFHSWLEOH OHVV WKDQ  PG DQG RI VL[ FODVVHV RI
WUDQVPLVVLYLW\ YDULDWLRQ FODVV D  LQVLJQLILFDQW YDULDWLRQ
LQGLFDWLQJDOPRVWKRPRJHQHRXVK\GURJHRORJLFHQYLURQPHQWZLWK
VWDQGDUGGHYLDWLRQRIWKHWUDQVPLVVLYLW\LQGH[<OHVVWKDQWR





GULOOHGDQGGXJZHOOV LQ WKH&]HFKSDUWRI WKH%RKHPLDQ0DVVLI
.UiVQê  FRQFOXGHG WKDW LQ WKH %RKHPLDQ 0DVVLI WKH
UHJLRQDOO\ SUHYDLOLQJ WUDQVPLVVLYLW\ RI KDUG URFNV UDQJHV
FRPPRQO\ EHWZHHQ FODVVHV 9 WR ,,,  PG WKH PRVW
IUHTXHQWEHLQJWKHFODVV,9,,,FGXQLWVWRVOLJKWO\PRUHWKDQ
PG LH ORZ WR LQWHUPHGLDWH WUDQVPLVVLYLW\ ZLWK PRGHUDWH WR
ODUJH WUDQVPLVVLYLW\YDULDWLRQ7UDQVPLVVLYLW\XS WRRQHRUGHU RI
PDJQLWXGHKLJKHU LV W\SLFDO IRUFU\VWDOOLQH OLPHVWRQHV PDUEOHV
7KHUHDUHDOVRVRPHLQGLFDWLRQVWKDWKLJKHU WUDQVPLVVLYLW\PLJKW
EH H[SHFWHG LQ DUHDV IRUPHG E\ EDVLF LJQHRXV URFNV DQG VRPH
W\SHV RI JUDQLWHV 2Q WKH RWKHU KDQG SK\OOLWHV GLVSOD\ D ORZHU
UHJLRQDO WUDQVPLVVLYLW\ LQ VRPH DUHDV ,Q JHQHUDO KRZHYHU
HVVHQWLDO GLIIHUHQFHV FDXVHG E\ URFN IUDFWXULQJ DQG ZHDWKHULQJ
³PDVN´WKHVPDOOHUGLIIHUHQFHVEHWZHHQGLVWLQFWSHWURORJLFW\SHV
7KHVDPHFDQEHVDLGDERXWWKHURFNVLQWKH,EHULDQDUHD
,Q WKH VRXWKHUQ SDUW RI 3RUWXJDO DQ LQYHQWRU\ RIPRUH WKDQ
ZDWHU SRLQWV LQ KDUGURFN DTXLIHUVZDV FDUULHGRXW GXULQJ
WKH UHFHQW VWXGLHV $ERXW  RI WKHP KDYH D K\GUDXOLF
LQIRUPDWLRQRQDLUOLIW WHVWVZKHQFRPSUHVVHGDLU LVFRQYH\HG WR
WKH ERWWRP RI ZHOOV 7KHVH GDWD DUH QRW DGHTXDWH WR GHWHUPLQH
H[DFW K\GUDXOLF FKDUDFWHULVWLFV EXW PLJKW EH XVHG LQ VWDWLVWLFDO
WUHDWPHQW RI UHJLRQDO FRPSDUDWLYH SDUDPHWHUV 'XH WR VRPH
XQFHUWDLQWLHV UHJDUGLQJ ZDWHU OHYHOV DQG UHVXOWLQJ \LHOGV DQG
GUDZGRZQV VLPSOLI\LQJ SUHPLVHV KDYH WR EH DFFHSWHG DV




HWF EHORQJV WR FODVVHV ,99F ZLWK YDOXHV PRVWO\ EHWZHHQ
PG LQVFKLVWVDQGJUH\ZDFNHVDQGPG LQ
JUDQLWRLGV 0RGHUDWH WUDQVPLVVLYLW\ YDULDWLRQ SUHYDLOV
HYHU\ZKHUH 7KH SRUSK\ULHV EHORQJ WR FODVV ,9,,,G ZLWK
WUDQVPLVVLYLW\ YDOXHV EHWZHHQ  PG DQG D ODUJH
YDULDWLRQ 7KH EDVLF LJQHRXVURFN DTXLIHUV PDLQO\ JDEEURV DQG
FKDUQRTXLWHV DQG WKH PHWDPRUSKLFURFN DTXLIHUV OLNH JQHLVVHV
DQGYROFDQRVHGLPHQWDU\URFNVEHORQJWRFODVVHV,9,,,FGRU,9
E 3DUWLFXODU URFN W\SHV PLJKW EH FKDUDFWHULVHG E\ YDOXHV RI
SUHYDLOLQJ WUDQVPLVVLYLW\ UDQJLQJ EHWZHHQ  DQG  PG
ZLWKPRGHUDWHYDULDWLRQFODVVFJDEEURVDQGPG
ZLWK ODUJH WUDQVPLVVLYLW\YDULDWLRQ  FODVVG JQHLVVHV2Q WKH





WUDQVPLVVLYLW\ FODVVHV VODWHV 7 PGD\ FODVV 9, VFKLVWV







6LPLODU SDWWHUQV ZHUH IRXQG LQ WZR GLIIHUHQW KDUGURFN
UHJLRQVRI(XURSHLQWKH%RKHPLDQ0DVVLIDQGWKH,EHULDQDUHD
3DUWLFXODU WUDQVPLVVLYLW\ YDOXHV GHWHUPLQHG E\ SXPSLQJ WHVWV
PRVWO\ UDQJH EHWZHHQ  DQG PG 5HJLRQDOO\ SUHYDLOLQJ
WUDQVPLVVLYLW\ KRZHYHU FDQ EH W\SLFDOO\ H[SUHVVHG E\ FODVVHV
,9,,, FG ,Q DGGLWLRQ WR FU\VWDOOLQH OLPHVWRQHV PDUEOHV ZLWK
HYLGHQWO\KLJKHUWUDQVPLVVLYLW\WKHUHDUHVRPHLQGLFDWLRQVWKDWLQ
ERWKUHJLRQVKLJKHUSUHYDLOLQJWUDQVPLVVLYLW\PLJKWEHIRXQGDOVR
LQ EDVLF LJQHRXV URFNV 5HJDUGLQJ RWKHU URFN W\SHV QR JHQHUDO
FRQOXVLRQV KDYH EHHQ GUDZQ<HW LQ VRPH DUHDV VRPH JUDQLWLF
URFNVJQHLVVHVDQGPLJPDWLWHVGLVSOD\KLJKHUYDOXHV
,Q ERWK UHJLRQV LJQHRXV URFNV WHQG WR KDYH KLJKHU
WUDQVPLVVLYLW\ YDOXHV LQ VKDOORZ SDUWV ZLWK TXLWH DEUXSW
SHUPHDELOLW\ GHFUHDVH ZLWK GHSWK ZKLOH LQ PHWDPRUSKLF
HQYLURQPHQWWKHGHSWKUHODWHGGHFUHDVHRISHUPHDELOLW\LVVORZHU
,Q WKH %RKHPLDQ 0DVVLI LPSRUWDQW GLIIHUHQFHV ZHUH SURYHG
GHSHQGLQJ RQ JHRPRUSKRORJLF DQG K\GURJHRORJLF SRVLWLRQ RI






&KDPEHO $  +\GURJHRORJ\ RI 0pUWROD UHJLRQ LQ
3RUWXJXHVH'RFWRUDO7KHVLV8QLYRIeYRUDeYRUD3RUWXJDO
SS
'XTXH -  +\GURJHRORJLFDO FKDUDFWHULVDWLRQ DQG
PDWKHPDWLFDO PRGHOOLQJ RI WKH JDEEURV RI %HMD DTXLIHU LQ
3RUWXJXHVH 0DVWHU 7KHVLV 8QLYHUVLW\ RI /LVERQ /LVERQ
3RUWXJDOSS
)LDOKR $ &KDPEHO $ 'XTXH -  5HODWLRQ EHWZHHQ
JHRPRUSKRORJ\ ODQG XVH DQG ZDWHU PDQDJHPHQW LQ WKH
*QHLVVLF DQG 0LJPDWLWLF $TXLIHU 6\VWHP RI eYRUD 6RXWK
3RUWXJDO,Q)HQGHNRYi0)HQGHN0HGV3URF;;,;,$+
&RQJUHVV +\GURJHRORJ\ DQG /DQG 8VH 0DQDJHPHQW
%UDWLVODYD6ORYDN5HS














WKH $OHQWHMR UHJLRQ 6RXWK 3RUWXJDO ,Q 6HLOHU 	 :RKQOLFK
HGV 3URF ;;;, ,$+ &RQJUHVV 1HZ $SSURDFKHV
&KDUDFWHULVLQJ *URXQGZDWHU )ORZ %DONHPD /LVVH +RODQG

<pODPRV -*  +\GURJHRORJ\ RI WKH SOXWRQLF DQG



















$ E V W U D F W   $VSDUWRIDK\GURJHRORJLFDOPDSSLQJSURMHFWDMRLQWJHRORJLFDODQGK\GURJHRORJLFDOVWXG\KDVEHHQSHUIRUPHGLQWKH
WZRKDUGURFN UHJLRQVFRPSULVLQJJUDQLWHPHWDVHGLPHQWVDQGJQHLVV LQ6RXWK.RUHD:HDWKHULQJ LQ.RUHDGHHSO\DIIHFWHG WKHKDUG
URFNV DQG UHVXOWHG LQ D W\SLFDOZHDWKHULQJ SURILOH 7KH VWDWLVWLFDO DQDO\VLV RI H[LVWLQJZHOO \LHOGV UHYHDOV QR HYLGHQFH WR VXJJHVW D
UHODWLRQVKLSEHWZHHQZHOO\LHOGDQGWHFWRQLFIUDFWXULQJ2QWKHFRQWUDU\LWDSSHDUVWKDWWKHZHDWKHUHGFRYHUSOD\VDGHWHUPLQLQJUROHLQ
WHUPVRI WKHWUDQVPLVVLYHSURSHUWLHVRI WKHKDUGURFNVDQGQRWRQO\LQWHUPRI WKHLUZDWHUUHWHQWLRQFDSDFLW\7KHZHDWKHUHGILVVXUHG
KRUL]RQJHQHUDOO\DWWULEXWHGWRGHFRPSUHVVLRQWKDWGHYHORSVZLWKLQWKHXSSHUPRVWWHQVRIPHWUHVRIWKH³IUHVK´EDVHPHQWVXEVWUDWXPLV








7KH OLQN EHWZHHQ WKH K\GURJHRORJLFDO SURSHUWLHV RI KDUG URFNV
DQG WKHQDWXUHRI WKHLUZHDWKHUHGFRYHUKDVEHHQ UHFRJQLVHG IRU
VRPH WLPH QRZ ,Q SDUWLFXODU WKH ZDWHUUHWHQWLRQ FDSDFLW\ RI
DOWHULWHVKDVEHHQZLGHO\GHPRQVWUDWHG7KXVWKHPDLQSXUSRVHRI
WKLV SDSHU LV QRW WR HPSKDVLVH WKH UROH RI DOWHULWHV EXW WR




&RQVWUXFWLRQ DQG 7UDQVSRUWDWLRQ 02&7 RI.RUHD LQFOXGLQJ D
MRLQWJHRORJLFDODQGK\GURJHRORJLFDOVWXG\SHUIRUPHGE\.,*$0
.RUHD ,QVWLWXWH RI *HRVFLHQFH DQG 0LQHUDO 5HVRXUFHV DQG
%5*0 )UHQFK *HRORJLFDO 6XUYH\ WKDW FRQFHQWUDWHG RQ WZR
KDUGURFNUHJLRQVLQ6RXWK.RUHDQDPHO\WKH-HRQMX:DQMXDQG
*RNVHRQJ DUHDV UHVSHFWLYHO\ NP DQG NP
2EVHUYDWLRQV RI WKH K\GURJHRORJLFDO SURSHUWLHV RI ZHDWKHULQJ
SURILOHV RQ KDUG URFNV LQ .RUHD KDYH FRPSOHPHQWHG WKH




URFNV JQHLVV DQG VFKLVW LQWUXGHG E\ -XUDVVLF WR &UHWDFHRXV








 -XUDVVLF JUDQLWH HVVHQWLDOO\ SRUSK\ULWLF DQG IROLDWHG
)ROLDWLRQ LV FRQWHPSRUDQHRXV ZLWK JUDQLWH FU\VWDOOLVDWLRQ
ZKLFKRFFXUUHGLQDVWULNHVOLSGXFWLOHVKHDULQJFRQWH[W
 PHWDVHGLPHQWDU\ URFNV SUHGRPLQDQWO\ VFKLVW DPSKLEROLWH
DQGWRDOHVVHUGHJUHHTXDUW]LWH











$QDO\VLV RI WKH VWUXFWXUH RI WKHZHDWKHUHG FRYHU FDSSLQJ WKHVH
KDUG URFNV VKRZV WKDW GLIIHUHQW ZHDWKHULQJ SKDVHV RFFXUUHG LQ
.RUHD
 DQ ³DQFLHQW´ ZHDWKHULQJ SKDVH DIIHFWLQJ WKH KDUG URFNV
GRZQWRGHSWKVRIPRUHWKDQPDQGUHVXOWLQJLQDW\SLFDO
ZHDWKHULQJSURILOHVLPLODUWRWKRVHREVHUYHGLQRWKHUUHJLRQV





7KH XSSHUPRVW SDUW RI WKH RULJLQDO ZHDWKHULQJ SURILOHV
PRWWOHGKRUL]RQDQGLURQFUXVWLVQRWREVHUYHGSUREDEO\EHFDXVH
LWKDVEHHQUHPRYHGE\HURVLRQ
 D PRUH UHFHQW ZHDWKHULQJ SKDVH DIIHFWLQJ RQO\ WKH
XSSHUPRVW IHZPHWUHV RI WKH KDUG URFNV 7KH URFNVZKLFK
DUHQHLWKHUWUDQVIRUPHGWRFOD\QRUILVVXUHGVKRZ\HOORZLVK
WRUHGGLVKLURQVWDLQLQJ




DQG LQ PDMRU IODWERWWRPHG YDOOH\V WKDW FDQ EH VXUURXQGHG E\
KLJKHOHYDWLRQ UXJJHG KDUGURFN WRSRJUDSK\ *HRORJLFDOO\




7KH OLQHDPHQW DQDO\VLV VKRZV D UHODWLYHO\ KLJK GHQVLW\ IRU ERWK
VWXG\]RQHVZLWKRULHQWDWLRQVLQJRRGDFFRUGDQFHZLWKWKHRWKHU






JHRORJLFDO DQG K\GURJHRORJLFDO VWXGLHV ³H[LVWLQJ UHSRUWV´ DQG
ILHOGVXUYH\VSHUIRUPHGE\.,*$0³H[LVWLQJZHOOV´7KHVHGDWD
LQFOXGH WKH IROORZLQJ WKH ZHOO
V QDPH FRRUGLQDWHV DQG GHSWK
WKLFNQHVV RI WKH ZHDWKHUHG FRYHU VDSUROLWH RU JUXVV
³LQVWDQWDQHRXV´\LHOGDIWHUGULOOLQJZKLFKFDQHDVLO\EHFRUUHODWHG
ZLWK WUDQVPLVVLYLW\ DQG WKXV SHUPHDELOLW\ HWF 2QH PDLQ







FRPELQHG ZLWK GDWD IURP WKH ³H[LVWLQJ ZHOOV´ DQG ³H[LVWLQJ
UHSRUWV´ )RU HDFK GDWD VHW VWDWLVWLFDO SURFHVVLQJZDV SHUIRUPHG







1R HYLGHQFH LV REVHUYHG WR VXSSRUW D UHODWLRQVKLS EHWZHHQZHOO
\LHOGDQGDGLVWDQFHWROLQHDPHQW)LJRUEOLQHDPHQWGHQVLW\





)LJXUH  ([DPSOH RI WKH YHUWLFDO GLVWULEXWLRQ RI VSHFLILF
FDSDFLW\DVDIXQFWLRQRIGHSWKIRUZHOOVGULOOHGLQ]RQHVZLWKD
ZHDWKHULQJ FRYHU -HRQMX:DQMX DUHD ³H[LVWLQJ ZHOOV³
-XUDVVLFJUDQLWHV






VKRZQ DV D ³FODVVLFDO´ VKDUS GHFUHDVH ZLWK GHSWK )LJ 7KH
PRVWLQWHUHVWLQJSRLQWLVWKDWWKLVUHODWLRQVKLSLVZHOOH[SUHVVHGIRU









,W DSSHDUV WKDW WKH ZHDWKHUHG FRYHU SOD\V D GHWHUPLQLQJ UROH LQ
WHUPVRIWKHSHUPHDELOLW\RIKDUGURFNVDQGQRWRQO\LQWHUPVRI
WKHLUZDWHUUHWHQWLRQFDSDFLW\
7KH ZHDWKHUHGILVVXUHG KRUL]RQ JHQHUDOO\ DWWULEXWHG WR
GHFRPSUHVVLRQWKDWGHYHORSVZLWKLQWKHXSSHUPRVWWHQVRIPHWUHV
RI WKH³IUHVK´EDVHPHQWVXEVWUDWXP LVFOHDUO\GXH WRZHDWKHULQJ
SURFHVVHV ,W LV FKDUDFWHULVHG E\ IUDFWXUHV DOPRVW KRUL]RQWDO LQ
JUDQLWH ZKRVH GHQVLW\ GLPLQLVKHV ZLWK GHSWK 7KHLU JHQHVLV LV
JRYHUQHG E\ WKH DOWHUDWLRQ RI SKLOLSSLF PLQHUDOV HJ ELRWLF
ZKLFKGXHWRDQDVVRFLDWHGLQFUHDVHLQYROXPHFDXVHWKHURFNWR
EUHDNXS7KHFRDOHVFHQFHRIWKHVHKRUL]RQWDOSODQHVDWWKHWRSRI
WKH OD\HU SURPRWHV WKH SDVVDJH IURP WKH ZHDWKHUHGILVVXUHG
FRPSDUWPHQWWRWKHDOWHULWHV,WLQGXFHVDKLJKHU\LHOGRIWKHZHOOV
LQ ]RQHV ZKHUH DOWHULWHV DQG WKXV WKH XQGHUO\LQJ ZHDWKHUHG
ILVVXUHG KRUL]RQ DUH VWLOO SUHVHQW WKDQ LQ SODFHV ZKHUH WKHVH
KRUL]RQVKDYHEHHQHURGHG7KHIUHVKEDVHPHQWVXEVWUDWXPKDUG
URFN LV SHUPHDEOH RQO\ YHU\ ORFDOO\ DVVRFLDWHG ZLWK WHFWRQLF
IUDFWXULQJ'HVSLWHORFDOVLJQLILFDQW\LHOGVIURPFHUWDLQIUDFWXUHV
















)LJXUH  &RPSDULVRQ RI WKH YHUWLFDO GLVWULEXWLRQ RI VSHFLILF
FDSDFLW\ <'F DV D IXQFWLRQ RI GHSWK IRU ZHOOV GULOOHG
UHVSHFWLYHO\ LQ ]RQHV ZLWK D ZHDWKHULQJ FRYHU OHIW DQG
ZLWKRXWULJKW-HRQMX:DQMXDUHD-XUDVVLFJUDQLWHV

7KHVH QHZ UHVXOWV DUH FRQVLVWHQW ZLWK REVHUYDWLRQVPDGH LQ
RWKHUUHJLRQVRIWKHZRUOG$IULFD6RXWK$PHULFD(XURSH,QGLD
HWF 7KH SUHVHQW H[WHQVLRQ RI VXFK ZHDWKHUHG FRYHUV LV QRW
UHVWULFWHGWRWURSLFDOFRXQWULHVEXWDIIHFWVODUJHDUHDVZRUOGZLGH
HYHQ LI SDUWO\ HURGHG 0DSSLQJ WKH JHRPHWU\ RI WKH GLIIHUHQW
FRPSDUWPHQWVPDNLQJXSWKHDTXLIHUDWFDWFKPHQWVFDOHRSHQVXS
PDMRUGHYHORSPHQWSURVSHFWVLQWHUPVRIZHOOVLWLQJ/DFKDVVDJQH
HW DO D DQG FDQ DOORZ K\GURJHRORJLFDO PDSSLQJ






.,*$0 *HRORJLFDO PDS RI 'DHMHRQ  DQG *ZDQJMX
0LQLVWU\RI6FLHQFHDQG7HFKQRORJ\.RUHD
/DFKDVVDJQH 3 3LQDXOW -/ HW DO D 5DGRQ
HPDQRPHWU\ D UHOHYDQW PHWKRGRORJ\ IRU ZDWHU ZHOO VLWLQJ LQ
KDUGURFNDTXLIHU:DWHU5HVRXUFHV5HVHDUFK
/DFKDVVDJQH3$KPHG6 HW DO E$PHWKRGRORJ\ IRU WKH
PDWKHPDWLFDO PRGHOOLQJ RI KDUGURFN DTXLIHUV DW FDWFKPHQW
VFDOHEDVHGRQWKHJHRORJLFDOVWUXFWXUHDQGWKHK\GURJHRORJLFDO
IXQFWLRQLQJ RI WKH DTXLIHU LQ ;;;, ,$+ &RQJUHVV 1HZ
DSSURDFKHV FKDUDFWHUL]LQJ JURXQGZDWHU IORZ 0XQLFK
*HUPDQ\
/DFKDVVDJQH3:\QV5HWDOF([SORLWDWLRQRIKLJK\LHOG
LQ KDUGURFN DTXLIHUV 'RZQVFDOLQJ PHWKRGRORJ\ FRPELQLQJ
*,6 DQG PXOWLFULWHULD DQDO\VLV WR GHOLQHDWH ILHOG SURVSHFWLQJ
]RQHV*URXQG:DWHU
:\QV 5 %DOWDVVDW -0 HW DO  $SSOLFDWLRQ RI 6105






















































































*URXQGZDWHU LQDKDUGURFN WHUUDLQ LVPXOWLYDULDWHEHFDXVHRI LWV
UHODWLRQ WR WRSRJUDSK\ GHSWK DQG H[WHQW RI ZHDWKHUHG PDWHULDO
RYHUO\LQJ EHGURFN DQG EHFDXVH RI WKH VL]H QDWXUH GHQVLW\
RULHQWDWLRQDQG LQWHUFRQQHFWLRQRI MRLQWVDQGIDXOWV ,QKDUG URFN
WHUUDLQ MRLQWV IUDFWXUHV IDXOW]RQHVDQGZHDWKHUHG]RQHVDUHWKH
PDLQ VRXUFHV IRU JURXQGZDWHU RFFXUUHQFH DQGPRYHPHQW GXH WR
ODFNRISULPDU\SRURVLW\LQWKHVHURFNV7RXQGHUVWDQGWKHUHODWLRQ
RI IUDFWXUHV WR JURXQGZDWHU RFFXUUHQFH /DUVVRQ LQWHJUDWHG
GHIRUPDWLRQ PRGHO ZDV XVHG LQ WKH KDUG URFN WHUUDLQ RI XSSHU
8UPLOULYHUEDVLQDSDUWRI%XQGHONKDQGUHJLRQRI&HQWUDO,QGLD
7KH IUDFWXUHV DUH WKH VXUIDFHH[SUHVVLRQRI MRLQWV ]RQHVRI MRLQW
FRQFHQWUDWLRQVDQGIDXOWV,QRUGHUWRXQGHUVWDQGWKHVLJQLILFDQFH
RI IUDFWXUH SDWWHUQ DQG GHQVLW\ LQ JURXQGZDWHU DVVHVVPHQW DQ
LQWHJUDWHG PDS RI VWUXFWXUH DQG K\GURJHRPRUSKRORJ\ ZHUH
SUHSDUHG XVLQJ UHPRWH VHQVLQJ GDWD RI /DQGVDW  LPDJHU\
/LQHDPHQWIHDWXUHV SDWWHUQ DQG GUDLQDJH SDWWHUQ ZHUH DQDO\VHG
XVLQJ OHQJWKGHQVLW\ DQG IUHTXHQF\7KHSRVLWLRQRIZDWHU WDEOH
ZDV PHDVXUHG LQ  REVHUYDWLRQ ZHOOV GXULQJ 0D\-XQH 3UH
PRQVRRQ DQG 1RYHPEHU'HFHPEHU  3RVWPRQVRRQ
/LWKRORJLF ORJ JURXQGZDWHU IORZ GLUHFWLRQV DQG ZDWHU WDEOH
IOXFWXDWLRQV ZHUH VWXGLHG 7KH SUHVHQW VWXG\ EXLOGV XSRQ WKH
SUHYLRXV VWXGLHV E\ DQDO\VLQJ WKH GHQVLW\ RI WHQVLOH IUDFWXUHV LQ




 DQG  







WRSRVKHHW QRV  S  S DQG 2 ,W FRYHUV DQ DUHD RI
VTXDUHNLORPHWUHV3K\VLRJUDSKLFDOO\WKHDUHDKDVUXJJHGDQG




7KH VWXG\ DUHD LV XQGHUODLQ E\ URFNV RI $UFKDHDQ DJH
FRQVLVWLQJ RI %XQGHONKDQG JUDQLWH DQG JQHLVV FXW E\ SHJPDWLWH
DSOLWH DQG HSLGLRULWH G\NHV$OOXYLXP LV SUHVHQW DORQJ WKH ORZHU
FRXUVHVRIWKHULYHU7KHJUDQLWHLVFRDUVHWRPHGLXPJUDLQHGWKH
FRDUVHJUDLQHG JUDQLWH LV SRUSK\ULWLF LQ SDUW DQG WKH PHGLXP
JUDLQHG YDULHW\ FRPPRQO\ JUDGHV LQWR JQHLVV *HQHUDOO\ WZR
YDULHWLHVRIJUDQLWHVDUHSUHVHQWRQHLVSLQNDQGWKHRWKHULVJUH\
*QHLVVLVDVVRFLDWHGZLWKWKHJUH\YDULHW\7KHGROHULWHLVPHGLXP




SODLQ LQILOOHG YDOOH\ GHHSO\PRGHUDWHO\ DQG VKDOORZ ZHDWKHUHG
EXULHG SHGLSODLQ GHQXGDWLRQ KLOOV DQG OLQHDU ULGJHV 7KH






DUHD JURXQGZDWHU RFFXUV XQGHU ERWK XQFRQILQHG DQG VHPL
FRQILQHGFRQGLWLRQLQZHDWKHUHGDQGIUDFWXUHGJUDQLWHDQGJQHLVV
'XULQJ0D\-XQHWKHGHSWKWRZDWHUWDEOHUDQJHGIRUPWR
PDQGGXULQJ1RYHPEHU'HFHPEHU LW UDQJHG IRUP WR
 P EHORZ JURXQG OHYHO 1(6: 	 1:6( IUDFWXUHV ZHUH
LGHQWLILHG DV WHQVLOH DQG VKHDU IUDFWXUH UHVSHFWLYHO\ LQ WKH VWXG\
DUHD$SSDUHQWO\WKHVHIUDFWXUHVDUHWKH\RXQJHVWRSHQIUDFWXUHV
:KHUHYHU 1(6: 	 1:6( IUDFWXUHV GHQVLWLHV DUH KLJK WKH
ZHDWKHUHG ]RQH WKLFNQHVV LV JUHDWHU WKHZDWHU WDEOH IOXFWXDWLRQV
DUHVPDOODQGWKH\LHOGVRIWKHZHOOVDUHKLJK*URXQGZDWHU]RQHV
ZHUH LGHQWLILHG DQG FODVVLILHG DV YHU\ JRRG JRRG WR YHU\ JRRG
PRGHUDWHWRJRRG	SRRU7KLVPRGHOOLQJPD\EHYHU\XVHIXODV



















$ E V W U D F W   6WDWLVWLFDODVVHVVPHQWRI VSHFLILFFDSDFLW\DQG WUDQVPLVVLYLW\ KDVPDGH LWSRVVLEOH WRFODVVLI\K\GURJHRORJLFXQLWVRQ
UHJLRQDO VFDOH DQG WRSUHSDUH UHJLRQDO WUDQVPLVVLYLW\DQRPDO\PDSV IRU WKHTXDQWLWDWLYHFKDUDFWHULVDWLRQDQGSUHGLFWLRQRIERUHKROH
\LHOGVLQKDUGURFNDTXLIHUVLQ*KDQD,QJHQHUDOWKHURFNVSHUWDLQWRWUDQVPLVVLYLW\FODVVHV,9DQG,,,UHSUHVHQWLQJORZWRLQWHUPHGLDWH












YHU\ VXEVWDQWLDO 7KLV FRXOG EH DWWULEXWHG PDLQO\ WR HIIHFWV RI
KHWHURJHQHLW\ DQG DQLVRWURS\ WKDWPDNHSUHGLFWLRQV LQKDUG URFN
DTXLIHUV YHU\XQFHUWDLQ$VVHVVPHQWEDVHGRQ VWDWLVWLFDO DQDO\VLV
RI WKH WUDQVPLVVLYH FDSDFLW\ RI DTXLIHUV FRXOG KRZHYHU SURYLGH
LQIRUPDWLRQ RQ WKH JHQHUDO WUHQG DQG FRQGLWLRQV RI JURXQGZDWHU
UHVRXUFHV IRUPDWLRQ 7KLV LV HVVHQWLDO IRU UHJLRQDO SROLF\
IRUPXODWLRQ DQG UHJXODWRU\ GHYHORSPHQW RI JURXQGZDWHU DV D
QDWXUDOUHVRXUFH
$VDQLQLWLDODWWHPSWWRDGGUHVVWKHQHHGIRUDFRPSUHKHQVLYH




GHOLQHDWHG WR GHSLFW SURVSHFWLYH ]RQHV IRU JURXQGZDWHU
H[SORUDWLRQ 7KH HIIHFW RI WKH WUDQVPLVVLYLW\ DQRPDOLHV RQ WKH







FRPSULVH D FRPSOH[ RI 3UHFDPEULDQ LJQHRXV DQG PHWDPRUSKLF
URFNV DQG ODWH 3URWHUR]RLF WR HDUO\ 3DODHR]RLF URFNV RI WKH
9ROWDLDQVHGLPHQWDU\V\VWHP7KH3UHFDPEULDQURFNVLQFOXGHWKH
'DKRPH\DQ JQHLVV DQG PLJPDWLWH ZLWK TXDUW] DQG VFKLVW WKH
%LULPLDQ PHWDPRUSKRVHG VHGLPHQWV ZLWK DVVRFLDWHG JUDQLWRLG
LQWUXVLYHV DQG WKH 7DUNZDLDQ URFNV VOLJKWO\ PHWDPRUSKRVHG
VHGLPHQWV 7KH UHVW DUH WKH 7RJR 6HULHV VDQGVWRQH TXDUW]LWH
VFKLVW VKDOH DQG SK\OOLWH DQG WKH %XHP )RUPDWLRQ VKDOH
VDQGVWRQH DQG YROFDQLF URFNV 7KH9ROWDLDQ 6\VWHP FRQVLVWV RI
FRQVROLGDWHG VHGLPHQWDU\ URFNV PDLQO\ VDQGVWRQH VKDOH DQG
PXGVWRQHFRQJORPHUDWHDQGOLPHVWRQH
7KH URFNV DUH WKHPVHOYHV ODUJHO\ LPSHUYLRXV EXW FRQWDLQ
RSHQLQJVDORQJMRLQWVDQGIUDFWXUHVEHGGLQJDQGFOHDYDJHSODQHV
WKDW HQKDQFH SHUFRODWLRQ RI ZDWHU WR IRUP OLPLWHG JURXQGZDWHU
UHVHUYRLUV WKDW DUH VWUXFWXUDOO\ GHSHQGHQW DQG GLVFRQWLQXRXV LQ
RFFXUUHQFH %RUHKROHV GULOOHG LQ VXFK K\GURJHRORJLF
HQYLURQPHQWV KDYH D ZLGH UDQJH RI \LHOGV ZLWK D VLJQLILFDQW
IDLOXUHUDWH7KH\LHOGLQWKH9ROWDLDQURFNVLVKLJKO\YDULDEOHDQG
UDQJHVIURPWR/PLQZLWKDQDYHUDJH\LHOGRI/PLQ
7KH 'DKRPH\DQ JQHLVV DQG PLJPDWLWH UHFRUG WKH ORZHVW PHDQ







*HRORJLFDO 1RRI <LHOG/PLQ 'HSWKP
)RUPDWLRQ %RUHKROHV0HDQ5DQJH 0HDQ5DQJH
*UDQLWH    
9ROWDLDQ    
7RJR	%XHP   
%LULPLDQ	7DUNZDLDQ  






6WDWLVWLFDO PHWKRGV ZHUH XVHG WR FRPSDUH WKH YDULDELOLW\ DQG
GLVWULEXWLRQ RI WKH VSHFLILF FDSDFLW\ DQG H[SHFWHG WUDQVPLVVLYLW\
DPRQJ WKH YDULRXV K\GURJHRORJLF XQLWV DQG WR HVWLPDWH WKH
SRWHQWLDOIRUJURXQGZDWHUDEVWUDFWLRQRQUHJLRQDOVFDOH+XQWOH\HW
DO  .QRSPDQ DQG +ROO\GD\  DQG VHYHUDO DXWKRUV
KDYHH[WHQVLYHO\GLVFXVVHGWKHXVHRIVSHFLILFFDSDFLW\WRHVWLPDWH
WUDQVPLVVLYLW\
7KH VSHFLILF FDSDFLW\ LV FRQYHUWHG LQWR DQ LQGH[ RI
WUDQVPLVVLYLW\ < LQWURGXFHG E\ -HWHO DQG .UiVQê  7KH
WUDQVPLVVLYLW\LQGH[<LVJLYHQE\WKHUHODWLRQ< ORJ&
ZKHUH & LV VSHFLILF FDSDFLW\ /VP )URP WKH LQGH[ < WKH
FRHIILFLHQW RI WUDQVPLVVLYLW\ 7 PGD\ LV HVWLPDWHG E\ WKH
FRQYHUVLRQ HTXDWLRQ 7    < 7KH LQGH[< KDV WKH
DGYDQWDJHZKHQXVHGDVDFRPSDUDWLYHUHJLRQDOSDUDPHWHUDVPRVW
SRSXODWLRQV RI VSHFLILF FDSDFLW\ YDOXHV DUH ORJQRUPDOO\
GLVWULEXWHG .QRSPDQ  +HQFH E\ FRQYHUWLQJ WKH VSHFLILF
FDSDFLW\YDOXHVLQWRLQGH[<WKHVWDWLVWLFDOGLVWULEXWLRQRIWKHGDWD
VHW EHFRPHV D QRUPDO GLVWULEXWLRQ DQG VWDQGDUG VWDWLVWLFDO
SURFHGXUHVFDQWKHQEHXVHGWRDVVHVVWKHGDWD
7KHUDQJH V[ r RIWKHLQGH[<YDOXHVZKLFKDFFRXQWVIRU
DERXWRIWKHGDWDVHWUHSUHVHQWVWKHSUHYDLOLQJWUDQVPLVVLYLW\
RI WKH GLIIHUHQW K\GURJHRORJLFDO XQLWV 7KH YDOXHV RXWVLGH WKLV
LQWHUYDO DUH FRQVLGHUHG DV DQRPDOLHV ZKLFKPD\ EH SRVLWLYH RU
QHJDWLYH 7KH LQWHUYDO EHWZHHQ  V[   DQG  V[   LV
GHILQHG DV WKH DUHD RI SRVLWLYH DQRPDOLHV DQG VLJQLILHV PRUH
SURVSHFWLYH ]RQHV IRU JURXQGZDWHU H[SORUDWLRQ ZKHQ FRPSDUHG
ZLWKWKHDUHDRIEDFNJURXQGWUDQVPLVVLYLW\2QWKHRWKHUKDQGWKH
YDOXHV EHWZHHQ  V[   DQG  V[   LQGLFDWH DUHDV RI
QHJDWLYH DQRPDOLHV DQG WKHVH UHSUHVHQW OHVV IDYRXUDEOH ]RQHV
([WUHPHDQRPDOLHVFDQEHIRXQGRXWVLGHWKHLQWHUYDOV V[ r 
.UiVQê  FODVVLILFDWLRQ VFKHPH ZKLFK LV EDVHG RQ
WUDQVPLVVLYLW\PDJQLWXGHDQGYDULDWLRQ LVDSSOLHG WRFODVVLI\ WKH
YDULRXV K\GURJHRORJLFDO XQLWV 7KLV FODVVLILFDWLRQ VFKHPH





UHJLRQDO K\GURJHRORJLFDO FRQGLWLRQV DQG WKHLU FRPSDULVRQ RQ
K\GURJHRORJLFDOPDSV
7KH .ULJLQJ JHRVWDWLVWLFDO JULGGLQJ PHWKRG ZDV XVHG WR
SUHSDUHWUDQVPLVVLYLW\PDSVE\FRQWRXULQJWKHLUUHJXODUO\VSDFHG
WUDQVPLVVLYLW\GDWD%\HVWDEOLVKLQJWKHEDFNJURXQGWUDQVPLVVLYLW\
 V[ r  DUHDV ZLWK SRVLWLYH DQG QHJDWLYH DQRPDOLHV ZHUH
GHOLQHDWHG )LJ VKRZV WKH UHJLRQDO WUDQVPLVVLYLW\ WUHQGV LQ
*KDQD7KHHIIHFWRIWKHWUDQVPLVVLYLW\GLIIHUHQFHVDQRPDOLHVRQ
WKH SUREDEOH \LHOGV RI ZHOOV KDV EHHQ H[SUHVVHG EDVHG RQ D
JHQHUDO DYDLODEOH GUDZGRZQ RI  P 7KLV GUDZGRZQ KDV EHHQ






7KH TXDQWLWDWLYH DVVHVVPHQW RI VSHFLILF FDSDFLW\ DQG LWV
PRGLILFDWLRQV KDV HQDEOHG WKH SUHSDUDWLRQ RI UHJLRQDO
WUDQVPLVVLYLW\ PDSV DV ZHOO DV WKH GHOLQHDWLRQ RI ORFDO
WUDQVPLVVLYLW\ DQRPDOLHV WR GHSLFW SURVSHFWLYH ]RQHV IRU
JURXQGZDWHUH[SORUDWLRQ7KHDQDO\VLVKDVDOVRPDGHLWSRVVLEOHWR
HVWLPDWH WKH SUREDEOH \LHOG RI ZHOOV LQ WKH YDULRXV
K\GURJHRORJLFDOXQLWVLQ*KDQD
7KH 9ROWDLDQ VHGLPHQWDU\ URFNV UHFRUG WKH KLJKHVW PHDQ
WUDQVPLVVLYLW\ FRHIILFLHQW RI  PGD\ ZLWK YDOXHV UDQJLQJ
EHWZHHQ  DQG  PGD\ 7KHVH URFNV DUH FODVVLILHG DV ,,,
,9G7KH'DKRPH\DQURFNVKDYHWKHORZHVWPHDQWUDQVPLVVLYLW\
FRHIILFLHQWRIPGD\DQGEHORQJ WR WUDQVPLVVLYLW\FODVV ,9
,,,F ,Q JHQHUDO WKH URFNV SHUWDLQ WR WUDQVPLVVLYLW\ FODVVHV ,9
DQG ,,, UHSUHVHQWLQJ ORZ WR LQWHUPHGLDWH WUDQVPLVVLYLW\ LQ
PDJQLWXGH ,W FRXOG EH LQIHUUHG WKDW SHWURJUDSK\PLJKW QRW SOD\
PXFK VLJQLILFDQW UROH LQ SHUPHDELOLW\ DQG WUDQVPLVVLYLW\





,Q ]RQHV RI QHJDWLYH WUDQVPLVVLYLW\ DQRPDOLHV WKH SUREDEOH









  =RQHVRI =RQHVRI
1HJDWLYHDQRPDOLHV3RVLWLYHDQRPDOLHV

9ROWDLDQ    
*UDQLWH    
%LULPLDQ	7DUNZDLDQ  
7RJR	%XHP 




 WR  /PLQ LQ WKH 'DKRPH\DQ DQG 9ROWDLDQ URFNV











URFNV D FDVH VWXG\ LQ *KDQD ,Q 2OLYHU 6LOLOR HW DO HGV
*URXQGZDWHU 3DVW $FKLHYHPHQWV DQG )XWXUH &KDOOHQJHV3URF
WK,$+&RQJUHVV&DSH7RZQ
+XQWOH\'1RPPHQVHQ56WHIIH\'7KHXVHRIVSHFLILF
FDSDFLW\ WR DVVHVV WUDQVPLVVLYLW\ LQ IUDFWXUHGURFN DTXLIHUV
*URXQG:DWHU
-HWHO -.UiVQê-$SSUR[LPDWLYHDTXLIHUFKDUDFWHULVWLFV LQ
UHJLRQDO K\GURJHRORJLFDO VWXG\ 9ČVW ÒVWĜ *HRO 3UDJXH 

.QRSPDQ '6  )DFWRUV UHODWHG WR WKH ZDWHU\LHOGLQJ
SRWHQWLDO RI URFNV LQ WKH 3LHGPRQW DQG 9DOOH\ DQG 5LGJH
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$ E V W U D F W   7KHSUHVHQWSLHFHRIZRUNKDVKHOSHGWRXQGHUVWDQGWKHUROHSOD\HGOLWKRORJLFDOFOLPDWRORJLFDOK\GURJHRORJLFDODQG
K\GURJHRFKHPLFDOIDFWRUVZKLFKJRYHUQWKHRFFXUUHQFHGLVWULEXWLRQPRYHPHQWUHFKDUJH±GLVFKDUJHDQGTXDOLW\RIJURXQGZDWHULQWKH
ZHVWHUQ SDUW RI WKH 6XQGDUJDUK GLVWULFW 2ULVVD ,QGLD 7KH VXEVXUIDFH JHRORJ\ REWDLQHG IURP WKH ERUHKROH OLWKRORJLF ORJV &HQWUDO
*URXQGZDWHU%RDUGDQGUHVLVWLYLW\VXUYH\VUHYHDOVWKDWWKHWKLFNQHVVRIWKHZHDWKHUHG]RQHYDULHVIURPWRPLQJHQHUDO7KH
IUDFWXUHG]RQHVRFFXUJHQHUDOO\EH\RQGPEJOZKLFKDUHHLWKHUFKDUJHGZLWKRUQRZDWHU*HQHUDOO\SURGXFWLYHIUDFWXUHG]RQHVDUH
UHVWULFWHGZLWKLQ P GHSWK WKRXJK LQ UDUH FDVHV GHHSHU IUDFWXUHV SURGXFH KLJKHU \LHOGV%DVLQJ RQ WKHZDWHU EHDULQJ DQGZDWHU
\LHOGLQJ FKDUDFWHULVWLFV WKH IRUPDWLRQV LQ WKH VWXG\ DUHD KDYH EHHQ GLYLGHG LQWR WKUHH GLIIHUHQW XQLWV VXFK DV FRQVROLGDWHG VHPL
FRQVROLGDWHG DQGXQFRQVROLGDWHG IRUPDWLRQV7KHJURXQGZDWHU RI WKH DUHD UHSUHVHQWV GLIIHUHQW K\GURJHRFKHPLFDO IDFLHV VXFK DV&D
+&21D+&2&D&O1D&ODQG&D62DPRQJZKLFK&D+&2W\SHLVPRVWGRPLQDWLQJ,WLVZHOOXQGHUVWRRGWKDWWKHSULPDU\






7KRXJK WKH RYHUDOO JURXQGZDWHU VFHQDULR RI 2ULVVD LV QRW YHU\
EDG VRPH SRUWLRQV RI WKH GLVWULFWV RI :HVWHUQ 2ULVVD OLNH
.DODKDQGL %RODQJLU 6XQGDUJDUK HWF VXIIHU IURP DFXWH ZDWHU
VFDUFLW\ DW WLPHV GXH WR YDJDULHV RI QDWXUH DQG LPSURSHU
PDQDJHPHQW RI ZDWHU UHVRXUFHV ,Q YLHZ RI WKH DERYH IDFW DQ
DWWHPSW KDV EHHQ PDGH IRU WKH K\GURJHRORJLFDO VWXGLHV LQ WKH
ZHVWHUQSDUWRI6XQGDUJDUKGLVWULFWRI2ULVVDZKHUHWLOOWRGD\YHU\
OLWWOHZRUNKDVEHHQGRQHLQWKLVUHJDUG7KHSUHVHQWSLHFHRIZRUN
KDV KHOSHG WR XQGHUVWDQG WKH UROH SOD\HG E\ JHRPRUSKRORJLFDO
OLWKRORJLFDO FOLPDWRORJLFDO K\GURJHRORJLFDO DQG
K\GURJHRFKHPLFDO IDFWRUV ZKLFK JRYHUQ WKH RFFXUUHQFH
GLVWULEXWLRQ PRYHPHQW UHFKDUJHGLVFKDUJH DQG TXDOLW\ RI
JURXQGZDWHULQWKHVWXG\DUHD
7KH VWXG\ DUHD IRUPV WKH ZHVWHUQ SDUW RI WKH GLVWULFW RI
6XQGDUJDUK O\LQJ WRZDUGV WKHQRUWKHUQH[WUHPLW\RI2ULVVD7KH
DUHD LV ERXQGHGE\ WKH1RUWK/DWLWXGHV¶ ¶ DQG(DVW
/RQJLWXGHV¶¶DQGIDOOV LQWKH6\UYH\RI,QGLD7RSR





FRQQHFWHG GLUHFWO\ WR WKH GLVWULFW KHDGTXDUWHUV 7KH DUHDV XQGHU
VWXG\DUHFKDUDFWHULVHGE\H[WUHPHFOLPDWHZLWKYHU\KRWDURXQG
& VXPPHUDQGYHU\FROG DURXQG&ZLQWHUVKRZLQJ ODUJH
YDULDWLRQ LQ PHDQ GDLO\ WHPSHUDWXUH $ERXW  RI WKH DQQXDO
UDLQIDOO DUH UHFHLYHG GXULQJ WKHPRQVRRQPRQWKV 7KH UHJLRQ LV
IRUPHG H[WHQVLYHO\RI KLOOV DQGYDOOH\V H[KLELWLQJ DQXQGXODWLQJ
WRSRJUDSK\ 7KH DUHD LV DQ DJULFXOWXUDO GHSHQGHQW RQH 7KH
VXUIDFHZDWHU GRHV QRW VDWLVI\ WKH JURZLQJ QHHGV RI DJULFXOWXUH
ZKLFKIXUWKHUDFFHOHUDWHVWKHXVHRIJURXQGZDWHULQWKHUHJLRQ
0DMRUSDUWRIWKHVWXG\DUHDLVXQGHUODLQE\WKH3UHFDPEULDQ
PHWDVHGLPHQWDULHV EHORQJLQJ WR WKH *DQJSXU *URXS ZKLFK
FRPSULVHV RIPLFDVFKLVW FDUERQDFHRXV SK\OOLWHV TXDUW]LWHV DQG





XQLWV KDV EHHQ GHYHORSHG LQ WKH DUHD H[FHSW ODWHULWLVDWLRQ DQG
IRUPDWLRQ RI VRLO DQG DOOXYLXP RI UHFHQW RULJLQ RFFXUULQJ DV
QDUURZ SDWFKHV 'HSHQGLQJ XSRQ WKH GLVWULEXWLRQ RI PDMRU
OLWKRORJLF XQLWV SK\VLRJUDSKLF VHWXS H[WHQW RI ZHDWKHULQJ DQG
IUDFWXULQJ RI WKH KDUG URFNV WKH JURXQGZDWHU GHYHORSPHQW
SRWHQWLDOVRIWKHDUHDYDU\ZLGHO\
)URP WKH VWXG\ RI WKH OLWKRORJV LQ GLIIHUHQW EORFNV LQ WKH
VWXG\ DUHD LW LV IRXQG WKDW GXH WR YDULDWLRQV LQ JHRORJLFDO
IRUPDWLRQVLQWKHDUHDWKHDTXLIHUFKDUDFWHULVWLFVYDU\DQGVRDOVR
WKHLU \LHOG FDSDFLWLHV ,Q JHQHUDO WKH WRS VRLO YDULHV LQ WKLFNQHVV
IURPPWRPH[FHSWDWRQHDUHD6DUJLSDOOLZKHUHDWKLFN
]RQHRI WRSVRLO  DOOXYLXP P WKLFN LV IRXQG UHSUHVHQWLQJ D
SDODHRFKDQQHOGHSRVLWLRQ7KHGLIIHUHQWIUDFWXUHG]RQHVSUHVHQWLQ





JHQHUDO 7KH IUDFWXUHG ]RQHV RFFXU JHQHUDOO\ EH\RQG P EJO
ZKLFKDUHHLWKHUFKDUJHGZLWKRUQRZDWHU*HQHUDOO\SURGXFWLYH
IUDFWXUHG]RQHVDUH UHVWULFWHGZLWKLQPGHSWK WKRXJK LQ UDUH
FDVHVGHHSHUIUDFWXUHVSURGXFHKLJKHU\LHOGV


























































































LQ WKH VWXG\ DUHD UHYHDOHG W\SLFDOO\ OD\HUHG DQG OD\HUHG





PHWUHV EHORZ WKH JURXQG OHYHO LQ JHQHUDO EXW HYHQ PRUH LQ
VRPH FDVHV 7KH ZHDWKHUHG PDWHULDO LV JUDQLWLF RU TXDUW]LWLF LQ
FRPSRVLWLRQV 7KH VHFRQG OD\HU UHSUHVHQWV FRPSDUDWLYHO\ ORZHU





IRXQG LQ D OD\HUHG FDVH 7KH UG OD\HU JHQHUDOO\ VKRZV OHVV


UHVLVWLYLW\ YDOXHV  RKPP ZKLFK LV LQWHUSUHWHG DV WKH
IUDFWXUHG ]RQH	 LV ZDWHU EHDULQJ +RZHYHU WKLV UG OD\HU KDV
UHODWLYHO\PRUHUHVLVWLYLW\YDOXHVWKDQWKHQGOD\HU7KHUGOD\HU
H[WHQGVIURPDGHSWKRIWRPHWUHVEHORZWKHJURXQGOHYHO





ZKHUH ERWK WKH WKLUG 	 IRXUWK OD\HUV KDYH EHHQ LQWHUSUHWHG DV
IUDFWXUHG ]RQHV DQGQREDVHPHQWZDV HQFRXQWHUHG LQ VXFK DUHDV
ZLWKLQ WKH GHSWK UDQJH RI VRXQGLQJ 7KH DUHDV ZKHUH EDVHPHQW
ZDV HQFRXQWHUHG VKRZV YHU\ KLJK UHVLVWLYLWLHV YDOXHV RI !
RKPPWRfLQGLFDWLQJFRPSOHWHDEVHQFHRIZDWHU7KHUHIRUHWKH
VHFRQGOD\HUUHSUHVHQWHGE\WKHZHDWKHUHGIUDFWXUHG]RQHLQD
OD\HUHG	 OD\HUHG FDVH DQG WKH WKLUG OD\HU UHSUHVHQWHG E\ WKH
IUDFWXUHG]RQH LQDOD\HUHGFDVHDUHYHU\LPSRUWDQW LQORFDWLQJ
ZHOOVLWHVLQWKHVWXG\DUHD
7KH OLQHDPHQW DQG K\GURJHRPRUSKRORJLFDO PDSV SUHSDUHG
IURP WKH ,56,$/,66,, LPDJHU\ UHYHDO WKDW WKHH[WHQVLRQVRI
OLQHDPHQWV LQ WKHEXULHGSHGLPHQWVDQGYDOOH\ILOOVPD\VHUYHDV
H[FHOOHQW JURXQGZDWHU SRWHQWLDO ]RQHV LQ WKH DUHD )URP WKH
OLQHDPHQWPDS LW LV LQIHUUHG WKDW EHWWHU \LHOGV DUH UHFHLYHG IURP
WKH DUHDV RI 1:6( WUHQGLQJ OLQHDPHQWV PDLQO\ WRZDUGV WKH
VRXWKZHVWHUQDQGHDVWHUQSRUWLRQVRIWKHDUHDZKLFKDOVRUHSUHVHQW
FRPSDUDWLYHO\ KLJKHU OLQHDPHQW GHQVLW\ 7KH
K\GURJHRPRUSKRORJLFDO VWXG\ E\ UHPRWH VHQVLQJ WHFKQLTXHV
VXSSRUWHG E\ OLPLWHG JURXQG WUXWK VWXGLHV UHYHDOV WKDW
JURXQGZDWHUSRWHQWLDOLVPRGHUDWHWRJRRGDORQJWKHOLQHDUYDOOH\V
RI VWUXFWXUDO KLOOV LQWHUPRQWDQH YDOOH\V EXULHG SHGLPHQWV
ZHDWKHUHG EXULHG SHGLSODLQV DQG WKH IUDFWXUHG ]RQHV LQ WKH
SHGLPHQWV$OVRLW LVPDUNHGWKDW WKHDUHDVRILQWHUVHFWLRQSRLQWV
RIOLQHDPHQWVVHUYHDVK\GURSRWHQWLDO]RQHV
%DVLQJ RQ WKH ZDWHU EHDULQJ DQG ZDWHU \LHOGLQJ
FKDUDFWHULVWLFVWKHIRUPDWLRQVLQWKHVWXG\DUHDKDYHEHHQGLYLGHG
LQWRWKUHHGLIIHUHQWXQLWVVXFKDVFRQVROLGDWHGVHPLFRQVROLGDWHG
DQG XQFRQVROLGDWHG IRUPDWLRQV ,Q WKH FRQVROLGDWHG IRUPDWLRQV
JURXQGZDWHU RFFXUV LQ WKH ZHDWKHUHGVHPL ZHDWKHUHG UHVLGXXP
DQG GHHSHU IUDFWXUHG ]RQHV ,Q VHPL FRQVROLGDWHG IRUPDWLRQV LW
RFFXUVLQWKHZHDWKHUHGUHVLGXXPDVZHOODVLQWKHSRUHVSDFHVRI
VDQGVWRQHV 7KH XQFRQVROLGDWHG IRUPDWLRQV RI UHFHQW RULJLQ DUH







VDQGVWRQHV RI WKH %DUDNDUV DQG .DPKLV RIWHQ FRQVWLWXWH
PRGHUDWHO\SRWHQWLDOVKDOORZDQGGHHSHUDTXLIHUV
,Q WKH*LEEV GLDJUDPDOO WKH VDPSOHV DQDO\VHG
IDOO ZLWKLQ WKH URFNGRPLQDQFH ILHOG LQGLFDWLQJ WKDW WKH RYHUDOO
OLWKRORJ\RIWKHDUHDLVUHVSRQVLEOHIRUGLIIHUHQWFRQVWLWXHQWLRQVLQ




7KH (& UDQJHV IURP  WR  PPKRVFP DW & EXW WKH
YDOXHV UHPDLQ ZLWKLQ  PPKRVFP LQ D PDMRULW\ RI FDVHV
H[FHSW WZR VDPSOHV ZKLFK VKRZ KLJKHU YDOXHV GXH WR KLJKHU
7'6(&RIJURXQGZDWHUVDPSOHVLQFUHDVHVZLWKLQFUHDVHLQ7'6




)OXRULGH FRQWHQW RI WKHJURXQGZDWHUV RI WKH DUHD VKRZVSRVLWLYH
FRUUHODWLRQ ZLWK ELFDUERQDWH DQG QHJDWLYH FRUUHODWLRQ ZLWK
FDOFLXPVXSSRUWLQJWKHYLHZVRI+DQGDDQG5DYL3UDNDVK
HWDO
&RPSDULVRQ RI WKH UHVXOWV RI WKH FKHPLFDO DQDO\VLV RI WKH
JURXQGZDWHUVIURPVKDOORZDQGGHHSHUDTXLIHUVZLWKWKHVWDQGDUG
VSHFLILFDWLRQV RI ,6,  UHYHDOV WKDW WKH ZDWHU LV QRUPDOO\
VXLWDEOH IRU GULQNLQJ DQG RWKHU GRPHVWLF SXUSRVHV EDUULQJ IHZ
H[FHSWLRQV +RZHYHU LW LV D JHQHUDO REVHUYDWLRQ WKDW WKH ZDWHUV
IURPGHHSHUDTXLIHUVKDYHEHWWHUTXDOLW\WKDQWKDWRIWKHVKDOORZHU
RQHV7KHVWXG\RIWKHVXLWDELOLW\RIWKHJURXQGZDWHUIRULUULJDWLRQ
SRLQW RI YLHZ IXUWKHU FRQILUPV WKDWPRVW RI WKHZHOOZDWHUV IDOO
XQGHU JRRG WR H[FHOOHQW FDWHJRU\ IRU LUULJDWLRQ ZLWK IHZ
H[FHSWLRQV
7KH JURXQGZDWHU RI WKH DUHD UHSUHVHQWV GLIIHUHQW
K\GURJHRFKHPLFDOIDFLHVVXFKDV&D+&21D+&2&D&O1D
&ODQG&D62DPRQJZKLFK&D+&2W\SHLVPRVWGRPLQDWLQJ
7KLV IDFW LV DOVR HYLGHQFHG IURP WKH K\GURJHRFKHPLFDO IDFLHV
GLVWULEXWLRQ PDS DQG WKH VSDWLDO FRQFHQWUDWLRQ GLDJUDPV WKUHH
GLPHQVLRQDO SUHSDUHG ZLWK WKH KHOS RI 685)(5 VRIWZDUH
SDFNDJH
,W LV HYLGHQW WKDW GLIIHUHQW K\GURJHRFKHPLFDO IDFLHV ZDWHU
W\SHVDUHQRW UHVWULFWHG WRSDUWLFXODUDUHDV&DOFLWHDQGGRORPLWH
GLVVROXWLRQ DUH WKH GRPLQDQW FKHPLFDO SURFHVVHV LQYROYHG LQ WKH
JHQHUDWLRQ RI &D+&2 W\SH ZDWHU 3OXPPHU HW DO 
%XQVHQEHUJ DQG 3OXPPHU  7KH &D62 W\SH DVVRFLDWHG
ZLWKKLJKHUFRQFHQWUDWLRQRI62PLJKWEHGHULYHGIURPVXOSKDWLF















*LEEV 5-  0HFDKQLVPV RI FRQWUROOLQJ ZRUOG¶V ZDWHU
FKHPLVWU\VFLHQFHS
+DQGD %.  *HRFKHPLVWU\ DQG *HQHVLV RI IOXRULGH
FRQWDLQLQJJURXQGZDWHUVLQ,QGLD*URXQGZDWHU






JURXQGZDWHUV RI 3DUDYDGD DUHD QHDU 9LVDNKDSDWQDP $QGKUD
3UDGHVK+\GURO-RXURI,$+
6DZ\HU &1 0F &DUW\ 3/  &KHPLVWU\ IRU VDQLWDU\
HQJLQHHUVQGHG0F*UDZ+LOO1HZ<RUNS
6FDQORQ %5  3K\VLFDO &RQWUROV RQ +\GURFKHPLFDO























$ E V W U D F W   7KLVSDSHUSUHVHQWVWKHPDLQUHVXOWVRIWKHTXDOLWDWLYHDQGTXDQWLWDWLYHUHVHDUFKRQZDWHUUHVRXUFHVLQWKH+LJK/R]R\D
&DWFKPHQW$FKHPLFDOTXDOLW\FRQWUROQHWZRUNZDVHVWDEOLVKHG7KHFKHPLFDODQDO\VHVVKRZWKDWWKHUHLVDFORVHO\OLQNHGEHWZHHQ
K\GURFKHPLFDOIDFLHVDQGWKHOLWKRORJ\RIWKHWHUUDLQZKHUHWKHSRLQWVDUHORFDWHG7KHZDWHUVLQKDUGURFNVKDYHDVRGLXPELFDUERQDWH
FKDUDFWHU DQG RFFDVLRQDOO\ FDOFLXP 7KH RWKHUV LQ VHGLPHQWDU\ DTXLIHU DUH PDLQO\ FDOFLXPELFDUERQDWH FRPSRVLWLRQ ZLWK KLJKHU
VDOLQLW\ WKDQ WKDW FLUFXODWLQJ RQ KDUG URFNV 'HVSLWH WKLV UHJLRQ KDV LPSRUWDQW FDWWOH UDLVLQJ DFWLYLW\ LW GRHV QRW VHHP WR KDYH D
VLJQLILFDQWLQIOXHQFHRQWKHFKHPLFDOTXDOLW\RILWVZDWHUUHVRXUFHV$QH[SHULPHQWDOVXEFDWFKPHQWKDVEHHQVHOHFWHGIRUWKHUXQRII
VWXG\6LPXODWLRQZDVPDGHE\PHDQVRIDSUHFLSLWDWLRQUXQRIIPRGHOLPSOHPHQWHGZLWKDTXDQWLWDWLYHDSSUR[LPDWLRQWRTXDQWLI\WKH











 NP DQG LW LV RQH RI WKH DUHDV RI WKH0DGULG 5HJLRQ ZLWK
JUHDWHVWHFRORJLFDOLQWHUHVW

)LJXUH  6LPSOLILHG JHRORJLFDO PDS RI WKH +LJK /R]R\D
&DWFKPHQW

7KH FOLPDWH RI WKLV DUHD LV &RQWLQHQWDO0HGLWHUUDQHDQ W\SH
ZLWK ORQJ FROG ZLQWHUV DQG VKRUW GU\ VXPPHUV %RWK
WHPSHUDWXUH DQG SUHFLSLWDWLRQ VKRZ D FOHDU YDULDWLRQ ZLWK WKH
DOWLWXGH7KHDYHUDJH\HDUO\WHPSHUDWXUHLVEHWZHHQDQG&
7KHDQQXDOSUHFLSLWDWLRQLVEHWZHHQDQGPP\HDULQWKH





7KHUH DUH WZR JHQHUDO OLWKRORJLFDO XQLWV RYHU WKH +LJK /R]R\D
&DWFKPHQW ,7*(  )LJ 2QH LV IRUPHG RI KDUG URFNV
PDLQO\ JODQGXODU JUDQLWLF JQHLVVHV7KH+HUF\QLDQ2URJHQ\KDV
GHIRUPHGDOOWKHVHPHWDPRUSKLFURFNV6HGLPHQWDU\URFNVILOOLQJ
DVHGLPHQWDU\EDVLQIRUPWKHRWKHUOLWKRORJLFDOXQLWFRPSRVHGE\
OLPHVWRQHVPDUO DQG VDQGVWRQHV RI&UHWDFHRXV DJH DSSHDU ILUVW
DQGGHWULWLF URFNVRI3DOHRJHQHDJHDQG WKLQOD\HUHG4XDWHUQDU\
VHGLPHQWV6HGLPHQWDU\URFNVRFFXS\WKHFHQWUDODUHDZKLOHKDUG
URFNVFRQVWLWXWH WKHHGJHRI WKHVHGLPHQWDU\EDVLQDQG WKHDUHDV
RIWKHVORSHRIWKHFDWFKPHQW
+DUGURFNVKDYHDVHFRQGDU\SRURVLW\RULJLQDWHGE\DOWHUDWLRQ
SURFHVVHV DQG MRLQWV PDLQO\ RI WHFWRQLF RULJLQ WKDW DOORZ WKH
FLUFXODWLRQRIVPDOODPRXQWVRIZDWHU$WJUHDWHUGHSWKVWKHKDUG
URFNV DUH SUDFWLFDOO\ LPSHUYLRXV EHFDXVH RI FORVLQJ IUDFWXUHV
SURGXFHGE\WKHSUHVVXUHRIRYHUO\LQJURFNV
7KH ZHDWKHULQJ RI PHWDPRUSKLF URFNV SURGXFHV VKDOORZ
DTXLIHUVZKLFKJHQHUDOO\KDYHDWKLFNQHVVRIOHVVWKDQPHWHUV




DQG FRQVWLWXWH DQ XQFRQILQHG DTXLIHU 2Q WKH WRS WKHUH DUH




KDUG URFNV LQ WKH +LJK 9DOOH\ RI /R]R\D EHFDXVH RI WKHLU ORZ
\LHOG DQG RI WKH VFDWWHUHG GLVWULEXWLRQ RI SRWHQWLDO XVHUV LQ WKH
DUHD WRZQV DQG H[WHQVLYH FDWWOHUDLVLQJ 7KH W\SHV RI VSULQJV
DQGZHOOVXVXDOO\IRXQGRQKDUGURFNVDFFRUGLQJWRWKHLQYHQWRU\
PDGH LQ WKH YDOOH\ DUH XSIDXOW VSULQJV VSULQJV ORFDWHG LQ WKH
ZHDWKHULQJURFNLQWHUIDFHGXJZHOOVORFDWHGLQZHDWKHULQJ]RQHV
7KHPDLQDLPRI WKLVZRUN LV WRDFKLHYH WKHGHVFULSWLRQDQG








ORZ VDOLQLW\ ZLWK FRQGXFWLYLW\ EHORZ  ȝ6FP ZLWK S+









KDYH FRQGXFWLYLW\ YDOXHV EHWZHHQ  DQG  ȝ6FP &DOFLXP














































XQGHU  PJ/ ZKLOH
JURXQGZDWHU FLUFXODWLQJ
DFURVVVHGLPHQWDU\URFNV
KDV LQ HYHU\ FDVH
FRQFHQWUDWLRQVDERYH






WKH ZDWHU IORZLQJ RQ VHGLPHQWDU\ URFNV DQG  PJ/ RQ KDUG
URFNV
)LJ VKRZV WKHDQDO\VHVRIDGULOOHGZHOO :HOORI)UDJXD
ZKLFK LV SODFHG RQ OLPHVWRQH DQG WKH FKHPLFDO TXDOLW\ RI LWV
ZDWHU QRWDEO\ GLIIHUV IURP RWKHU VSULQJV DQGZHOOV ,W LV DZHOO
PGHHSWKDWFROOHFWVZDWHUIURPWKH&UHWDFHRXVDTXLIHU,WKDV
KLJK VDOLQLW\ ZLWK YDOXHV EHWZHHQ  DQG  ȝ6FP DQG
FDOFLXP VXOSKDWH K\GURJHRFKHPLFDO IDFLHV 7KH FRQWHQW RI






VROHO\RIKDUG URFNVDQG WKHLUGHULYDWLYHVXUIDFH IRUPDWLRQVZDV
VHOHFWHGZLWKLQWKH+LJK/R]R\D&DWFKPHQW)LJ$OOWKHDUHD
SUHVHQWVDYHU\LUUHJXODUWRSRJUDSK\DQGGXHWRLWVKLJKDOWLWXGH
IURP P WR P LW LV PDLQO\ FRYHUHG E\ VQRZ LQ WKH
ZLQWHU 0RGHOOLQJ RI SUHFLSLWDWLRQUXQRII SURFHVVHV ZDV PDGH
XVLQJ WKH &+$& SURJUDP DQ DJJUHJDWHG K\GURORJLFDO PRGHO
GHYHORSHGE\WKH+\GURJUDSKLF6WXGLHV&HQWUHRI&('(;,QSXW
GDWD ZHUH UDLQIDOO HYDSRWUDQVSLUDWLRQ VRLO PRLVWXUH DQG ILHOG
FDSDFLW\2XWSXWGDWDZHUHWKHLQIORZVSURGXFHGE\PHDQVRIWKH
UXQRIIIRUHVHHQE\WKHPRGHO7KHPRGHOVLPXODWHVRYHUWLPHWKH
FRPSOHWH K\GURORJLFDO F\FOH ,W HVWDEOLVKHV ZDWHU EDODQFHV




FDWFKPHQW IRU WKH ZDWHU \HDU  0HWHRURORJLFDO GDWD
KDYH EHHQ REWDLQHG IURP1DYDFHUUDGD DQG(O3DXODU
ZKLFKDUHWKHQHDUHVWPHWHRURORJLFDOVWDWLRQV)LHOGFDSDFLW\KDV
EHHQ HVWLPDWHG E\ WKH DQDO\VLV RI WKH VRLO VDPSOHV FROOHFWHG
GXULQJ WKH ILHOG FDPSDLJQ 7KHPRGHO KDV EHHQ FDOLEUDWHGZLWK
WKH JDXJLQJPHDVXUHV REWDLQHG LQ ILHOG GXULQJ WKH VLPXODWLRQ
SHULRG2XUDLPLVWRJHWWKHEHVWILWWLQJEHWZHHQWKHK\GURJUDSK
VLPXODWHG E\ WKH PRGHO DQG WKH UHDO K\GURJUDSK E\ PHDQV RI
FRQVHFXWLYHPRGHOUXQVDQGFDOLEUDWLRQRIVRPHSDUDPHWHUVRIWKH
&+$&SURJUDP
$ GLIILFXOW\ KDG WR EH RYHUFRPH LQ WKLV SURFHVV )LJD
GXULQJ WKH )LUVW 6LPXODWLRQ +\SRWKHVLV 7KDW ZDV WKH
LPSRVVLELOLW\RIWKHLPPHGLDWHFRQYHUVLRQRIWKHSUHFLSLWDWLRQ LQ
VQRZ IRUP WR UXQRII 7KH WRWDO SUHFLSLWDWLRQ PHDVXUHG E\ WKH
SOXYLRPHWHU FRUUHVSRQGV ERWK WR UDLQ DQG VQRZ EXW WKH ZDWHU
IURP UDLQ DQG VQRZ GRHV QRW UHDFK WKH JDXJLQJVWDWLRQ DW WKH
VDPH WLPH :H KDYH FRQVLGHUHG WKDW UDLQ UHDFK WKH JDXJLQJ
VWDWLRQ ZLWKLQ WKH VDPH PRQWK LQ ZKLFK SUHFLSLWDWLRQ RFFXUV
ZKLOH VQRZ UHPDLQV XQWLO WKHPHOWLQJ WLPH WKHQ LQFUHDVLQJ WKH
UXQRII IRUPHUO\SURGXFHGH[FOXVLYHO\E\ UDLQ7R WDNH WKHVQRZ
PHOWDFFXPXODWLRQ HIIHFW LQWR DFFRXQW VHYHUDO DWWHPSWV ZHUH
PDGH XQWLO UHDFKLQJ DPDWFK EHWZHHQ WKH VLPXODWHGK\GURJUDSK





















































































2FW        
1RY        
'LF        
-DQ        
)HE        
0DU        
$SU        
0D\        
-XQ        
-XO        
$XJ        
6HS        





UXQRIIPRGHO LPSOHPHQWHGZLWK D TXDQWLWDWLYH DSSUR[LPDWLRQ WR
TXDQWLI\WKHVQRZHIIHFWRQVXUIDFHUXQRIIZHKDYHLPSURYHGRXU





7KLV SDSHU LV EDVHG RQ WKH UHVHDUFK SURMHFW ³/2:5*5(3
/DQGVFDSHXVH2SWLPLVDWLRQ:LWK5HJDUGV RI WKH*URXQGZDWHU






&$0  &RPXQLGDG $XWyQRPD GH 0DGULG  0DSD





&D 0J 1D &O 62











































































$ E V W U D F W   7KHVWDQGDUGPHWKRGVWRSUHGLFWWKHORFDWLRQRIJURXQGZDWHUWDUJHWVLQEDVHPHQWDTXLIHUVKDYHEHHQDGRSWHGWRJHWKHU
ZLWK IUDFWXUH IUHTXHQF\ DQG IUDFWXUH LQWHUVHFWLRQ VWXGLHV )UDFWXUH IUHTXHQF\ DQG IUDFWXUH LQWHUVHFWLRQ DQDO\VHV ZHUH FRQGXFWHG E\
VWXG\LQJ DHULDO SKRWRJUDSKV DQG /DQGVDW LPDJHV %DVHPHQW URFNV ODFN SULPDU\ SRURVLW\ DQG WKH FRQGXLWV IRU JURXQGZDWHU DUH
HVVHQWLDOO\IUDFWXUHVIDXOWVDQGMRLQWV,QWKHUHJLRQRIKLJKIUDFWXUHIUHTXHQFLHVDQGKLJKUDWHVRIIUDFWXUHLQWHUVHFWLRQVWKHH[SORLWDWLRQ
SRWHQWLDOIRUJURXQGZDWHULVPRVWOLNHO\WREHKLJK7KHPHWKRGVHPSOR\HGDLPWRORFDWHWKHVHKLJKIUDFWXUHIUHTXHQF\]RQHVDQGKLJK
IUDFWXUH LQWHUVHFWLRQ ]RQHV.DPLHVNURRQ LV VLWXDWHGZLWKLQ WKH VHPLDULG1RUWKHUQ&DSH 3URYLQFH RI 6RXWK$IULFD 7KH DUHD KDV D
FRPSOH[ JHRORJLFDO KLVWRU\ RI PXOWLSOH IROGLQJ IDXOWLQJ DQG V\QWHFWRQLF JUDQLWLF LQWUXVLRQV 'HIRUPDWLRQ FRPPHQFHG GXULQJ /DWH
3URWHUR]RLF WLPHV GXFWLOH GHIRUPDWLRQ DQG FRQWLQXHG WKURXJK WR WKH 3KDQHUR]RLF EULWWOH WR VHPLEULWWOH GHIRUPDWLRQ 7KH
K\GURJHRORJ\ LV LQKHUHQWO\ FRPSOH[ZLWK D UHJLRQDO IUDFWXUHG FU\VWDOOLQHEDVHPHQW DTXLIHU DQG D ORFDO IUDFWXUHG FU\VWDOOLQH DTXLIHU









*URXQGZDWHU LQ WKH EDVHPHQW DTXLIHUV RI WKH 1RUWKHUQ &DSH LV
DVVRFLDWHG ZLWK JHRORJLFDO VWUXFWXUHV VXFK DV IDXOWV DQG VKHDU
]RQHV 7KHVH VWUXFWXUDO IHDWXUHV KDYH D PDUNHG LQIOXHQFH RQ
JURXQGZDWHUIORZSURFHVVHV0RUHRIWHQWKDQQRWKLJKHU\LHOGLQJ
ERUHKROHV LQ VXFK HQYLURQPHQWV ZRXOG EH DVVRFLDWHG ZLWK D
FHUWDLQVWUHVVUHJLPHDQGIUDFWXUHRULHQWDWLRQ%\GHWHUPLQLQJWKH
QHRWHFWRQLF SUHVHQW GD\ VWUHVV UHJLPHV JURXQGZDWHU







1DPLELD 7KH ZDWHU VXSSOLHG WR WKH FRPPXQLWLHV LQ WKH
.DPLHVEHUJUHJLRQLVVROHO\IURPERUHKROHV
7KHDUHDXQGHU LQYHVWLJDWLRQ IRUPVSDUWRI WKH1DPDTXDODQG
0HWDPRUSKLF &RPSOH[ 10& WKDW KDV EHHQ LQWHQVHO\ VWXGLHG
DQG PDSSHG 7KH 3URWHUR]RLF 1DPDTXDODQG 0HWDPRUSKLF





URFNV ZKLFK DUH PDLQO\ JQHLVVLF LQ FKDUDFWHU 7KH 10& LV D
SRO\SKDVH GHIRUPHG DQG PHWDPRUSKRVHG JQHLVVLF WHUUDLQ
FRQVLVWLQJ RI SDUDJQHLVVHV WKDW DUH GHULYHG IURP YDULRXV
VHGLPHQWDU\ DQG YROFDQLF URFNVZKLFK KDYH EHHQ LQWUXGHG E\ D
JUHDW YDULHW\ RI LJQHRXV URFNV *LEVRQ HW DO  UHODWHV WKH








UHIHUHQFH SRLQW ZDV XVHG WR PRVDLF WKH  WUDFHG VKHHWV DORQJ
WKHLU ERUGHUV  $OO WKH VKHHWV RI WKH GLIIHUHQW IOLJKW SODQV ZHUH
WUDFHGRQWRDVLQJOHVKHHWWKDWFRYHUHGWKHUHVSHFWLYHUHJLRQ7KLV
VLQJOHVKHHWZDVWUDQVIHUUHGRQWRDGLJLWL]LQJERDUGDQGWUDFHGE\
XVLQJ WKH 0DS,QIR FRPSXWHUGUDZLQJ SURJUDP 7KH DHULDO
SKRWRJUDSKVZHUHVFDQQHGDWGSLUHVROXWLRQVDQGUHVDPSOHGWR
GSL LQRUGHU WR DFKLHYH ILOH VL]H UHGXFWLRQZLWKRXW WKH ORVVRI
LPDJH UHVROXWLRQ 7KH VFDQQHG LPDJHV ZHUH JHRUHIHUHQFHG
SURMHFWHGDQGVXEVHTXHQWO\PRVDLFNHGLQWRDVLQJOHLPDJH




PDSV7KHPRVDLFV RI DOO WKHGDWD OD\HUVZHUH LQFRUSRUDWHG LQWR
WKH$UF9LHZ*,6SURJUDP
7KHOLQHDPHQWIUHTXHQF\DQGOLQHDPHQWLQWHUVHFWLRQPDSVDUH
EDVHG RQ WKH DHULDO SKRWRJUDSKV DQG/DQGVDW LQWHUSUHWDWLRQ7KH
JULG ILOHVZHUH FUHDWHG DQG FRQWRXUHG LQ 6XUIHU VRIWZDUHZKLFK
DOVRSURGXFHVWKHOLQHDPHQWIUHTXHQF\DQGOLQHDPHQWLQWHUVHFWLRQ
PDSV 7KH PDSV LGHQWLI\ DUHDV RI KLJK IUDFWXUH IUHTXHQF\ DQG
DUHDVRIKLJKHVWIUDFWXUHLQWHUVHFWLRQV
7KHJHQHUDOGLUHFWLRQRISULQFLSOHVWUHVVFDQDOVREHREWDLQHG














VWUHVV GLUHFWLRQ ZKHUHDV UHJLRQDOO\ WKHUH LV D FRPELQDWLRQ RI
VWUHVVGLUHFWLRQV
7KH DSSOLFDWLRQ RI UHPRWH VHQVLQJ WHFKQLTXHV DHULDO
SKRWRJUDSKV DQG /DQGVDW LPDJHV DOORZV DQ LGHQWLILFDWLRQ DQG




 /V RU GU\ DQG  RI WKH ERUHKROHV DUH GULOOHG LQ WKH
ZHDWKHUHGRYHUEXUGHQP7KHUHLVQRGLUHFWOLQNEHWZHHQ
WKH ERUHKROH \LHOG GDWD IUDFWXUH IUHTXHQF\ DQG IUDFWXUH
LQWHUVHFWLRQPDSV IRU WKH UHJLRQ 7KH KLJKHU \LHOGLQJ ]RQHV DUH
ORFDWHGLQWKHVRXWKHUQDQGZHVWHUQSDUWVZKLOVWWKHKLJKIUDFWXUH
IUHTXHQFLHV DQG LQWHUVHFWLRQV RFFXU LQ WKH QRUWKHDVWHUQ DQG
VRXWKHUQ SDUWV RI WKH UHJLRQ 7KHUH LV D ODFN RI UHOLDEOH GDWD WR
GHWHUPLQH D FRQILGHQW JURXQGZDWHU VWDWH RI WKH .DPLHVEHUJ
UHJLRQ
7KH GDWD IURP WKH VWXG\ LH OLQHDPHQW PDSSLQJ IUDFWXUH
IUHTXHQF\ IUDFWXUH LQWHUVHFWLRQ QHRWHFWRQLF VWXG\ DQG
JURXQGZDWHU VWDWH SURYLGHV XVHIXO LQIRUPDWLRQ WR LGHQWLI\




IUHTXHQF\ DQG IUDFWXUH LQWHUVHFWLRQ 7KH WRZQ RI .DPLHVNURRQ
ZDVVHOHFWHGIRUDGGLWLRQDOUHVHDUFKSULPDULO\EHFDXVHRILWVGDWD






WDVWH 7KH VKDOORZ ERUHKROHV DUH XVHG SHULRGLFDOO\ GXH WR WKH
OLPLWHG VWRUDWLYLW\ RI WKH ZHDWKHUHG RYHUEXUGHQ ZKLOVW WKH GHHS
ERUHKROHV DUH SXPSHG FRQWLQXRXVO\ RS FLW 7KH VKDOORZ
ERUHKROHVKDYHDPHDQ\LHOGRI/VZKLOHWKHGHHSERUHKROHV
KDYH D PHDQ \LHOG RI  /V 7KHVH DUHDV ERWK ZHDWKHUHG
RYHUEXUGHQ ]RQHV DQG 11: 66( OLQHDPHQW IUDFWXUH V\VWHPV
KDYH EHHQ LGHQWLILHG WR EH WKH RSWLPDO ]RQHV IRU SRWHQWLDO
JURXQGZDWHUUHVRXUFHVLQWKH.DPLHVEHUJUHJLRQ
$ QHRWHFWRQLF VWXG\ UHFRUGHG IURP WKH IUDFWXUHV VKRZV D
QRUWKZHVW WR VRXWKHDVW 1:6( RULHQWDWHGPD[LPXPSULQFLSOH
VWUHVV ı IRU WKH UHJLRQ 7KLV LPSOLHV WKDW WKH QRUWKZHVW
RULHQWDWHG IUDFWXUHV ZRXOG EH UHJDUGHG DV WKH µRSHQ¶ IUDFWXUHV
7KHSHJPDWLWHLQWUXVLRQVILOOWKHHDVWZHVW(:IUDFWXUHVDQGWKH
G\NHV ILOOV WKH QRUWKQRUWKHDVW WR VRXWKVRXWKZHVW 11(66:
IUDFWXUHV  $QDO\VLV RI D FRQILGHQW QHRWHFWRQLF VWXG\ LQ WKH







*LEVRQ 5/ 5REE /- .LUVWHV $)0 &DZWKRUQ 5* 
5HJLRQDOVHWWLQJDQGJHRORJLFDOHYROXWLRQRIWKH2NLHS&RSSHU




























'XTXH PDGH WKH ILUVW DWWHPSW WRPRGHO WKH JURXQGZDWHU
IORZLQWKHJDEEURRI WKH%HMD$TXLIHU6\VWHP*%$6ZLWKWKH
PRGHOOLQJ HQYLURQPHQW 02',0( =KDQJ HW DO  ZKLFK
LQFOXGHV WKH 02')/2: SDFNDJH 0F'RQDOG DQG +DUEDXJK
 7KH K\GURJHRORJLFDO GDWD DYDLODEOH LQ  ZHUH YHU\
VFDUFH DQG QRW WUXVWZRUWK\ 1RZ WKH UHVHDUFK DLPV LQFOXGH WKH




HVWLPDWLRQ RI WKH DTXLIHU ERWWRP GLVWULEXWLRQ RI WKH DTXLIHU
WKLFNQHVV DTXLIHU ERUGHU DQG WKH VWDQGDUG YHUWLFDO DTXLIHU
VWUXFWXUH *%$6 LV WKHPRVW LPSRUWDQW KDUGURFN DTXLIHU LQ WKH
VRXWK 3RUWXJDO DQG FRYHUV DOPRVW  NP RI DUHD )LJ ,W LV
LPSODQWHG LQ D 1:6( LJQHRXVPHWDPRUSKLF VWUXFWXUH ZLWK
RILROLWLF DIILQLWLHV7KHPDLQ URFNV DUHJDEEUR DPSKLEROLWHV DQG
VHUSHQWLQLWHVDOORIWKHPLQWHQVLYHO\ZHDWKHUHGDQGIUDFWXUHG7KH
JURXQGZDWHU \LHOGV DUH YHU\ KLJK ZKHQ FRPSDUHG ZLWK WKH






































)LJXUH  0DS RI WKH JDEEUR RI WKH %HMD $TXLIHU 6\VWHP
*%$6

,Q WHUPV RI ZDWHU EDODQFH *%$6 LV LQ HTXLOLEULXP 7KH
UHFKDUJH GHILFLWV DUH VXSSOLHG LQ WKH UDLQ\ \HDUV DQG WKH ZDWHU
H[FHVV LV GLVFKDUJHG E\ UXQRII E\ VRPH QDWXUDO VSULQJV DQG E\
EDVHIORZ WR VHYHUDO SHUPDQHQW VWUHDPV DQG ULYHUV 7KH UHFKDUJH
FRPHV GLUHFWO\ IURP SUHFLSLWDWLRQ 'XTXH  FDOFXODWH WKH
UHFKDUJH EDVHG RQ WKH JURXQGZDWHU DEVWUDFWLRQ LQYHQWRU\ DV
DOPRVWRI WKHDQQXDOSUHFLSLWDWLRQ PP\HDU+RZHYHU












7R DVVHVV WKH *%$6 JHRPHWU\ QHZ GDWD ZHUH DYDLODEOH DV
IROORZVE\FRQVXOWLQJDOPRVWDOOGULOOLQJFRPSDQLHVRSHUDWLQJ LQ
WKHDUHD VLQFH WKHUHZHUHDFKLHYHGGDWD IURPGULOOHG
ZHOOV FDVHG RU QRW FDVHG +RZHYHU RQO\  GDWD ZHUH
FRQVLGHUHGJRRGHQRXJKIRUK\GURJHRORJLFSXUSRVHV$OOERUHKROH
GDWD UHIHU WR PDQ\ GULOOLQJ DQG K\GURJHRORJLF SDUDPHWHUV EXW
UHJDUGLQJ WKH DFKLHYHPHQWRI WKHPDLQJRDOV LWZDVFRQVLGHUHG
ZHOO GHHSQHVV ZHDWKHUHG ]RQH GHHSQHVV IUDFWXUHG ]RQH








VFKLVWV DQGE\ DXSSHU FOD\H\ VHGLPHQWDU\0LRFHQHGHSRVLWV LQ
WKH HDVWHUQ SDUW ZLWK PDUEOHV LQWHUFDODWHG E\ VFKLVWV $OO
JHRORJLFDO FRQWDFWV DUH DOPRVW YHUWLFDO H[FHSW IRU WKH VRXWKHUQ
FRQWDFWZKHUH WKHUH LV D VORSH FRPSRQHQWZKLFK LV UHSUHVHQWHG
E\ DQ LPSRUWDQW UHJLRQDO WKUXVW  )HUUHLUD)LFDOKR 7KUXVW 























UDQJHV IURP WKH VXUIDFH WLOO  P GHHS EXW WKH PHGLDQ LV 


P GHHS 7KH PHGLDQ RI WKH DTXLIHU ERWWRP LV DOVR  P GHHS
8VXDOO\*%$6KDVRUSURGXFWLYHOHYHOVUHSUHVHQWHGE\WKH
UHVSHFWLYH PHGLDQV LQ WKH GHSWKV RI   DQG  P 7KH
VWDWLVWLFDO UHVXOWV RI WKH YHUWLFDO VWUXFWXUH DUH SUHVHQWHG LQ ILJ
7KH*%$6 WRS VRLO LV FRQVWLWXWHGE\PRQWPRULOORQLWLFFOD\VDQG
XVXDOO\ LV RI D P WKLFNQHVV+RZHYHU WKLV OD\HUZDV LQFOXGHG
LQWR WKHZHDWKHUHG ]RQH7KHVH UHVXOWV JLYH VXEVWDQWLDO HYLGHQFH











































































$V DQ\ KDUGURFN DTXLIHU *%$6 VHHPV WR KDYH D UDQGRP
WKLFNQHVV GLVWULEXWLRQ GXH WR WKH UDQGRPQHVV DQG DQLVRWURS\ RI
IUDFWXULQJ DQG FKHPLFDO ZHDWKHULQJ SURFHVVHV ,Q DTXLIHU
PRGHOOLQJQDPHO\LQFRQWDPLQDQWWUDQVSRUWWKHGHILQLWLRQRIWKH
DTXLIHU WKLFNQHVVGLVWULEXWLRQ LVDQHVVHQWLDO VWHS WR LPSOHPHQWD
PRGHO 7KH *%$6 WKLFNQHVV GLVWULEXWLRQ ZDV LQWHUSRODWHG E\
NULJLQJ DQG LWV VHPLYDULRJUDP ZDV PRGHOOHG )LJ VKRZV WKH
WKLFNQHVVGLVWULEXWLRQDQG WKHPRGHOVHPLYDULRJUDPSDUDPHWHUV
7KHZKLWHVSRWVDUHUHODWHGZLWKWKLQDTXLIHU]RQHVRWKHUZLVHDQG
WKH GDUNHU VSRWV DUH UHODWHG ZLWK SODFHV ZKHUH WKH DTXLIHU
WKLFNQHVVLVKLJKHU





P P P P P P P P
9HUWLFDOVFDOH
















































*%$6 7KH JHQHUDO GDWD DUH EDVHG RQ DOPRVW  GULOOHG
ERUHKROHORJVZLWKGLYHUVHK\GURJHRORJLFDOLQIRUPDWLRQ6RWRGD\
VLJQLILFDQW K\GURJHRORJLF NQRZOHGJH LV DYDLODEOH QDPHO\ WKH
QHZ DTXLIHU ERUGHU GHVLJQ VWDQGDUG YHUWLFDO DTXLIHU VWUXFWXUH
VWRFKDVWLFGLVWULEXWLRQRIWKH*%$6WKLFNQHVV
7KH NQRZOHGJH RI WKH JHRPHWULF ' IHDWXUHV RI WKH *%$6





-'XTXH H[SUHVVHV KLV JUDWLWXGH WR WKH0LQLVWU\ RI 6FLHQFH DQG





'XTXH - +\GURORJLFDO FKDUDFWHUL]DWLRQ DQGPDWKHPDWLFDO
PRGHOOLQJ RI WKH *DEEUR RI %HMD $TXLIHU LQ 3RUWXJXHVH
06F6FLHQFH)DFXOW\RIWKH8QLYHUVLW\RI/LVERQ/LVERQ
SS
'XTXH - $OPHLGD &  0DWKHPDWLFDO PRGHOOLQJ RI WKH
*DEEUR RI %HMD $TXLIHU LQ 3RUWXJXHVH ,Q 3URF WK:DWHU
&RQJUHVV),//LVERQ&'
)RQVHFD36WXG\RIWKHYDULVFDQVXWXUHLQWKH6:,EHULDLQ
WKH 6HUSD%HMD7RUUăR $OYLWR9LDQD GR $OHQWHMR UHJLRQV LQ
3RUWXJXHVH3K'6FLHQFH)DFXOW\RIWKH8QLYHUVLW\RI/LVERQ
/LVERQSS
0F'RQDOG 0* +DUEDXJK $:  $ PRGXODU WKUHH
GLPHQVLRQDO ILQLWHGLIIHUHQFH JURXQGZDWHU IORZ PRGHO
6FLHQWLILF3XEOLFDWLRQV&2:DVKLQJWRQSS
=KDQJ<=KHQJ&1HYLOOH&-$QGUHZV&%02',0(
,QWHJUDWHG PRGHOLQJ HYLURQPHQW IRU 02')/2: 3$7+'
















$ E V W U D F W   6KRUW WHUPVSXPSLQJ WHVWVRIDERXWZHOOVDUHXVHG WRVWXG\ WKHK\GUDXOLFSDUDPHWHUVDQG\LHOGRIZHOOVRIVRPH
FRQJORPHUDWHDQGVDQGVWRQHDTXLIHUVRXWFURSSLQJLQ3HULDGULDWLFEDVLQDQGLQWZRLQQHUVHGLPHQWDU\EDVLQVRI$OEDQLD)RUWKHSXUSRVH
WKH IUHTXHQF\ JUDSKV IRU WKH WUDQVPLVVLYLW\ FRHIILFLHQW RI SHUPHDELOLW\ DQG RI VSHFLILF FDSDFLW\ RI ZHOOV ZHUH FRQVWUXFWHG 7KH
FDOFXODWLRQVRI WUDQVPLVVLYLW\DQGRISHUPHDELOLW\ZHUHEDVHGRQVSHFLILFFDSDFLW\GDWDRI WKHZHOOV7KH LQYHVWLJDWHGSDUDPHWHUVRI









$OEDQLD LV VLWXDWHG LQ WKH HDVWHUQ FRDVWV RI $GULDWLF DQG ,RQLDQ
6HDV2WUDQWR&KDQQHOZLGWKDERXWNPVHSDUDWHV$OEDQLDIURP
,WDO\ 7KH WHUULWRU\ RI $OEDQLD LV  NPð *HRORJLFDOO\ LW
EHORQJVWRIROGHG$OSLQHEHOW7KHWRWDORXWFURSSLQJDUHDRIKDUG
URFNV LQ$OEDQLD LV DERXW  NPð (IWLPL HW DO  7KH
FRXQWU\LVGLYLVLEOHLQWRLQWHUQDODQGH[WHUQDO]RQHV,QERWK]RQHV
VRPH LPSRUWDQW EDVLQV ILOOHG XS E\ VHGLPHQWDU\ PRODVVHV RI
GLIIHUHQW OLWKRORJ\ DUH GHYHORSHG0DWL DQG0RNUD VHGLPHQWDU\
EDVLQV RI LQWHUQDO ]RQHV DQG 3HULDGULDWLF IRUHGHHS EDVLQ WKH
ELJJHVW RQH RI WKH RXWHU ]RQHV ILJ 7KH REMHFWV RI WKLV
LQYHVWLJDWLRQDUH/RZ1HRJHQHFRQJORPHUDWHDQGFRQJORPHUDWH
VDQGVWRQH GHSRVLWV RI0RNUD%DVLQ8SSHU1HRJHQH 7RUWRQLDQ
VDQGVWRQH GHSRVLWV RI0DWL %DVLQ 7RUWRQLDQ VDQGVWRQH GHSRVLWV










DUH XVHG WR HVWLPDWH WKH WUDQVPLVVLYLW\ 7 FRHIILFLHQW RI
SHUPHDELOLW\.DQGWKHVSHFLILFFDSDFLW\RIZHOOVT)RUZHOOVRI
HTXDO GLDPHWHU DQG HTXDO HIILFLHQF\ WKH VSHFLILF FDSDFLW\ LV
GLUHFWO\ SURSRUWLRQDO WR WKH WUDQVPLVVLYLW\ RI WKH DTXLIHU (YHQ
ZKHUH WKH HIILFLHQF\ LV YDULDEOH WKH VSHFLILF FDSDFLW\ DIIRUGV D
UHDVRQDEOH JRRG PHDVXUH RI WUDQVPLVVLYLW\ RI WKH DTXLIHU $V
PHQWLRQHG E\ .UiVQê  WKH K\GUDXOLF FRQGXFWLYLW\ LQ
ILVVXUHG URFNV PRVWO\ UHSUHVHQWV D QRQH[LVWLQJ DYHUDJH
SHUPHDELOLW\RIWKHHQWLUHDTXLIHUWKLFNQHVV
7KH HVWLPDWLRQ RI WUDQVPLVVLYLW\ LV EDVHG RQ D PRGLILHG
YHUVLRQRIWKH7KLHPHTXDWLRQZKLFKLQDVLPSOLILHGYHUVLRQPD\
EHZULWWHQDV7 DTZKHUHD OJ5URDQGT LV WKH VSHFLILF
FDSDFLW\ LQPñGD\P 5 LV WKH UDGLXV RI LQIOXHQFH DWZKLFK WKH
GUDZGRZQ LV ]HUR DQG UR LV WKH QRPLQDO UDGLXV RI WKH ZHOO
6SHFLILFFDSDFLW\GDWDDGMXVWHG IRU WKH WRWDOSHQHWUDWLRQ.R]HQ\
7XUFDQDQGWRDFRPPRQUDGLXVDQGSXPSLQJSHULRG
ZHUH XVHG IRU WKH FDOFXODWLRQ RI WKH WUDQVPLVVLYLW\ 7KH
GUDZGRZQVDWFRQVLGHUHGZHOOVXVXDOO\DUH OHVV WKHQRI WKH
QDWXUDO ZDWHU KHDG DQG WKH ZHOOV ORVVHV FRXOG EH QHJOHFWHG
*KHRUJH7KHPHDQDYDOXHV IRU WKHZHOOVRI5URJR]KLQD
IRUPDWLRQ UHVXOWHG DERXW  ZKLOH IRU WKH ZHOOV RI UHPDLQLQJ
LQYHVWLJDWHG GHSRVLWV UHVXOWHG DERXW  'LYLGLQJ WKH
WUDQVPLVVLYLW\ E\ WKH WKLFNQHVV RI VFUHHQHG DTXLIHU OD\HUV ZDV
IRXQGWKHFRHIILFLHQWRISHUPHDELOLW\
7KH VSHFLILF FDSDFLWLHV GHFUHDVHZLWK WKHSHULRGRI SXPSLQJ
EHFDXVHWKHGUDZGRZQFRQWLQXDOO\LQFUHDVHVZLWKWLPHDVWKHFRQH
RI LQIOXHQFH RI ZHOO H[SDQGV )RU WKLV UHDVRQ WKH VSHFLILF
FDSDFLWLHV RI ZHOOV ZHUH FRPSXWHG IRU D SXPSLQJ SHULRG W 
GD\ DQG DGMXVWHG IRU D ZHOO UDGLXV UR  P $V






)RU VDQGVWRQH DTXLIHU RI 7LUDQD 6\QFOLQH DQG IRU 5URJR]KLQD
)RUPDWLRQ DTXLIHU KDYLQJ D UHODWLYHO\ ODUJHQXPEHURIGDWD WKH
GLVWULEXWLRQ RI VWDWLVWLFDO VDPSOHV RI WUDQVPLVVLYLW\ SHUPHDELOLW\
DQGRIVSHFLILFFDSDFLW\LVJUDSKLFDOO\UHSUHVHQWHGRQSUREDELOLW\
SDSHUV E\ WKH YDOXHV RI FXPXODWLYH UHODWLYH IUHTXHQFLHV )RU WKH
RWKHUDTXLIHUVKDYLQJDOLPLWHGQXPEHURIGDWDRQO\WKHFRUUHFWHG
PHDQYDOXHVRIWKHVDPHSDUDPHWHUVDUHHVWLPDWHG7KHUHVXOWVRI
WKH VWDWLVWLFDO WUHDWPHQW RI GDWD LQFOXGLQJ WKHPHGLDQYDOXHV DQG
WKHFRUUHFWHGPHDQYDOXHVDUHVXPPDULVHG LQ WDEDQG ,Q WKH






7PðG .PG TOVP,QYHVWLJDWHGDUHD $JHRIURFNV /LWKRORJ\ 1XPEHU
RIZHOOV
0HDQGHSWK














       
3HULDGULDWLFEDVLQ 7RUWRQLDQ 6DQGVWRQH        
3HULDGUDLWLFEDVLQ
.UDSVDUHD
7RUWRQLDQ )ULDEOHVDQGVWRQH        
0DWLEDVLQ 7RUWRQLDQ &OD\H\VDQGVWRQH        
0RNUDEDVLQ $TXLWDQLDQ &RQJORPHUDWHDQG
VDQGVWRQH




7PðG .PG TOVP$UHD /LWKRORJ\ 1XPEHURI
ZHOOV
0HDQGHSWK
RIZHOOVP  0HDQ  0HDQ  0HDQ
'XUUHV &RQJORPHUDWHDQGVDQGVWRQH        
.DYDMD &RQJORPHUDWHDQGVDQGVWRQH        
/XVKQMD &RQJORPHUDWHDQGVDQGVWRQH        
$UGHQLFD 6DQGVWRQHDQGFRQJORPHUDWH        
)LHU &RQJORPHUDWHDQGVDQGVWRQH        
6KXVKLFD 6DQGVWRQHDQGFRQJORPHUDWH        
7RWDO         

$V WKH LQYHVWLJDWHG KDUG URFNV DUH JHQHUDOO\ \RXQJ WKHLU
K\GURJHRORJLFDO SDUDPHWHUV WR D KLJK GHJUHH DUH GHWHUPLQHG E\
WKHOLWKRORJ\.UiVQê5HIHUULQJWRWKHGDWDRIWDEDQG
WKH YDOXHV RI K\GUDXOLF SDUDPHWHUV RI FRQJORPHUDWH URFNV GLIIHU
VLJQLILFDQWO\IURPWKRVHRIVDQGVWRQHURFNVWKHWUDQVPLVVLYLW\DQG
SHUPHDELOLW\ RI FRQJORPHUDWH RI 5URJR]KLQD )RUPDWLRQ DUH DW
OHDVW RQH RUGHU ELJJHU WKHQ WKH YDOXHV FDOFXODWHG IRU WKH
VDQGVWRQHV(VVHQWLDOGLIIHUHQFHVRIK\GUDXOLFSDUDPHWHUV UHODWHG
WR WKH OLWKRORJ\ FRXOG EH QRWLFHG DOVR ZLWKLQ WKH 5URJR]KLQD
)RUPDWLRQ WKH YDOXHV RI WKH LQYHVWLJDWHG SDUDPHWHUV UHVXOWHG
VOLJKWO\KLJKHULQDUHDVZKHUHWKHFRQJORPHUDWHURFNVSUHYDLORYHU
WKHVDQGVWRQHURFNV
:LWKLQ WKH VDPH W\SH RI URFNV YHU\ LPSRUWDQW IDFWRU
GHWHUPLQLQJWKHYDOXHVRIK\GUDXOLFSDUDPHWHUVDSSHDUWREHWKHLU
OLWKLILFDWLRQ 'LVWLQFWO\ KLJKHVW YDOXHV RI K\GUDXOLF SDUDPHWHUV
KDYH WKH IULDEOH VDQGVWRQH RI .UDSV DUHD RI 3HULDGULDWLF EDVLQ
WDEZKLFKYDOXHVDUHFRPSDUDEOHZLWKWKDWRIFRQJORPHUDWHV
7KH OLWKLILFDWLRQ XVXDOO\ LQFUHDVHV RYHU JHRORJLFDO WLPH FDXVLQJ
WKH GHFUHDVH RI WKH K\GUDXOLF SDUDPHWHUV WKH SHUPHDELOLW\ DQG
WUDQVPLVVLYLW\ RI ROGHU FRQJORPHUDWHVDQGVWRQH URFNV RI 0RNUD
EDVLQ$TXLWDQLDQ/RZ1HRJHQHDUHLQDYHUDJHPRUHWKHQILYH
WLPH VPDOOHU WKHQ WKDW RI \RXQJHU 3OLRFHQH FRQJORPHUDWH
VDQGVWRQHURFNVRI5URJR]KLQD)RUPDWLRQ
5HODWLYHO\ELJGLIIHUHQFHVKDYHWKHVSDWLDOGLVWULEXWLRQRI WKH
K\GUDXOLF SDUDPHWHUV DQG RI \LHOG RI ZHOOV RI 5URJR]KLQD
)RUPDWLRQ 7KH SHUPHDELOLW\ RI FRQJORPHUDWH RI 'XUUHV DUHD LV
GLVWLQFWO\KLJKHU WKHQLQWKHUHPDLQLQJLQYHVWLJDWHGDUHDVWDE
WKRXJK WKH SHWURJUDSKLF FRPSRVLWLRQ WKH GHJUHH RI OLWKLILFDWLRQ
DQG WKH ILVVXULQJ RI URFNV LV VLPLODU WKURXJKRXW WKH 3HULDGULDWLF
EDVLQ 7KH RQO\ UHDVRQDEOH H[SODQDWLRQ LV UHODWHG WR WKH
HQODUJHPHQW RI ILVVXUHV E\ WKH LQWHQVLYH VROXWLRQ RI FDUERQDWH
FHPHQWRIFRQJORPHUDWHURFNVUHPLQGLQJRQWKHNDUVWSURFHVVHV
7KLVSKHQRPHQRQPD\EHLVPRUHLQWHQVLYHLQ'XUUHVDUHDDVWKH
JURXQGZDWHU WKHUH LV PRUHPLQHUDOLVHG 7KH FKORULGH FRQWHQW LQ
JURXQGZDWHURI'XUUHVDUHDLVDERXWWRPJ/ZKLOHLQWKH
JURXQGZDWHU RI WKH UHPDLQLQJ DUHDV RI GHYHORSPHQW RI
5URJR]KLQD)RUPDWLRQ WKHFKORULGHFRQWHQWYDULHV IURP WR
PJ/
$QRWKHU LPSRUWDQW VLJQLILFDQW IDFWRU FRQWUROOLQJ WKH
SHUPHDELOLW\ RI FRQJORPHUDWHVDQGVWRQH URFNV RI 5URJR]KLQD
)RUPDWLRQ DQG RI WKH \LHOG RI ZHOOV LV WKHLU VWUXFWXUDOWHFWRQLF
SRVLWLRQ ,W LV REVHUYHG WKDW WKH WUDQVPLVVLYLW\ DQG WKH \LHOG RI
ZHOOV ORFDWHG DORQJ WKH XSULVLQJ VLGHV RI 'LYMDND DQG $UGHQLFD
DQWLFOLQH VWUXFWXUHV ZKLFK DUH DFFRPSDQLHG E\ YHUWLFDO UXSWXUH
IDXOWV LV XVXDOO\  WR  WLPH VPDOOHU WKHQ WKH YDOXHV RI ZHOOV
ORFDWHGDWQRUPDOO\VORSLQJIODQNVRIWKHVDPHVWUXFWXUHV
,QDORFDOVFDOHWKHWRSRJUDSKLFDQGJHRPRUSKRORJLFSRVLWLRQ




7KH FRQVWUXFWLRQ WHFKQRORJ\ RI ZHOOV LV DQRWKHU LPSRUWDQW


















.UiVQê- *HRORJLF IDFWRUV LQIOXHQFLQJVSDWLDOGLVWULEXWLRQ




D SUHUHTXLVLWH IRU SUHGLFWLQJ WHFKQRJHQLF FKDQJHV LQ
JURXQGZDWHUV\VWHPV,Q.:)+RZDUG	5*,VUDILORYHGV
&XUUHQW SUREOHPV RI K\GURJHRORJ\ LQ 8UEDQ DUHDV 8UEDQ
$JJORPHUDWHV DQG LQGXVWULDO FHQWUHV .OXZHU $FDGHPLF
3XEOLVKHUV
















$ E V W U D F W   7KH 8YHJKXWD VLWH LQ +XQJDU\ LV UHJDUGHG DV D SRWHQWLDO ORFDWLRQ IRU WKH FRQVWUXFWLRQ RI DQ XQGHUJURXQG ORZ DQG
PHGLXP OHYHO QXFOHDU ZDVWH UHSRVLWRU\ $V SDUW RI WKH VLWH FKDUDFWHULVDWLRQ SKDVH QXPHURXV K\GUDXOLF PHDVXUHPHQWV IURP GHHS
ERUHKROHVZHUHFDUULHGRXW7KHSUHVHQWSDSHUGHVFULEHVWKHJHQHUDOVWUDWHJ\DQGPHWKRGRORJ\XVHGIRUFRQGXFWLQJWKHPHDVXUHPHQWVDV
ZHOO DV SUHOLPLQDU\ UHVXOWV*URXQGZDWHU IORZ LQ JUDQLWH FDQ EH EHVW FRQFHSWXDOLVHG DV IORZ WKURXJK D VSDUVHO\ FRQQHFWHG IUDFWXUH
QHWZRUN $V IORZ VLPXODWLRQV WKURXJK GLVFUHWH IUDFWXUH QHWZRUNV VKRZ WKHUH DUH OLPLWV WR RXU DELOLW\ WR FKDUDFWHULVH WKH K\GUDXOLF
EHKDYLRXURIVXFKV\VWHPLQDGHWHUPLQLVWLFZD\,WLVWKHUHIRUHLPSRUWDQWWRXQGHUVWDQGWKDWDQHIIHFWLYHDQGUHDOLVWLFFKDUDFWHULVDWLRQ




LPSRUWDQW'XH WR WKHKLJKO\KHWHURJHQHRXVQDWXUHRI WKH URFN WKH VSHFWUXPRI WUDQVPLVVLYLWLHV HQFRXQWHUHGFDQHQFRPSDVV VHYHUDO
RUGHUV RIPDJQLWXGH HJ IURP(PV WR (PV 7KHUHIRUH WKH TXHVWLRQ RI KRZZHPHDVXUH LHPHWKRGRORJ\ EHFRPHV
FUXFLDO+HUH LW LV LPSRUWDQW WR WU\ WRHOLPLQDWHDQ\ELDV UHODWHG WR WKHPHDVXUHPHQWPHWKRGDQGUHFRJQLVH WKDW WKH ILQDOJRDORI WKH





















$ E V W U D F W   7KHUHVXOWVRIURFNPDVVGLVFRQWLQXLW\PHDVXUHPHQWV WDNHQDWGLIIHUHQWGHSWKVLQDPXOWLOD\HUPLQHLQ9DO7URPSLD
%UHVFLD1RUWKHUQ,WDO\DUHUHSRUWHG,QYHVWLJDWLRQKDVEHHQSHUIRUPHGRQD6F\WKLDQIRUPDWLRQPDGHXSRIOLPHVWRQHVVDQGVWRQHV
PDUOV DQG VLOWVWRQHV 2XWFURS VXUYH\V KDYH EHHQ SHUIRUPHG LQ WKHPLQH DW IRXU GLIIHUHQW GHSWKV )RU HDFK GLVFRQWLQXLW\ WKHPDLQ
SDUDPHWHUVZHUHLGHQWLILHG7KHUHODWLRQVKLSEHWZHHQWKHYDULRXVSDUDPHWHUVFRQVLGHUHGDQGWKHGHSWKRIWKHRXWFURSVXUYH\KDVEHHQ
H[DPLQHG$PRQJWKHSDUDPHWHUV LQYHVWLJDWHGDSHUWXUHSURYHGWKHSDUDPHWHU WKDWVKRZVWKHPRVWVLJQLILFDQWYDULDWLRQVZLWKGHSWK








2XWFURSSLQJ PHDVXUHPHQWV RI URFN PDVV IUDFWXULQJ SOD\ DQ
LPSRUWDQW UROH LQ K\GUDXOLF FKDUDFWHULVDWLRQ RI IUDFWXUHG URFNV
+RZHYHU RXWFURS VXUYH\V DUH DIIHFWHG E\ WKH YDULDWLRQ ZLWK
GHSWK RI WKH JHRPHWULF FKDUDFWHULVWLFV RI WKH GLVFRQWLQXLW\ QHW
PHDVXUDEOH RQ VXUIDFH 'LVFRQWLQXLW\ DSHUWXUH LV ZLWKRXW GRXEW
RQH RI WKH SDUDPHWHUV RI WKH URFN IDEULF PRGHO GUDZQ IURP
RXWFURSVXUYH\VPRVW OLDEOHWRYDU\ZLWKGHSWK/HHDQG)DUPHU
 ,Q DFWXDO IDFW WKH PHDVXUHPHQW RI WKLV SDUDPHWHU RQ





UHVHDUFK DLPHG DW WKH FRPSDULVRQ EHWZHHQ K\GURJHRORJLFDO
IHDWXUHVRIWKHURFNPDVVWKURXJKRXWFURSVXUYH\VDQGGLUHFWWHVWV
RQ WKH DTXLIHUV 6SHFLILFDOO\ WKH UHVXOWV RI URFN PDVV
GLVFRQWLQXLW\ PHDVXUHPHQWV WDNHQ DW GLIIHUHQW GHSWKV LQ 6W






6W $ORLVLR PLQH  P DERYH VO LV ORFDWHG LQ 9DO
7URPSLD D YDOOH\ FXWWLQJ DFURVV VHGLPHQWDU\ URFNV RI 3UHDOSL
0RXQWDLQVVLWHGNPQRUWKHDVWRI0LODQRILJ
,QWKLVSRUWLRQRI3UHDOSL0RXQWDLQVWKHVHGLPHQWDU\URFNVRI
8SSHU 3HUPLDQ ± $QLVLDQ RYHUOLH RQ SUH:HVWSKDOLDQ
PHWDPRUSKLF EDVHPHQW ILJ 7KH VHGLPHQWDU\ FRPSOH[
LQFOXGHV FRQJORPHUDWHV VDQGVWRQHV DQG VLOWVWRQHV 9HUUXFDQR
/RPEDUGR )RUPDWLRQ OLPHVWRQH VDQGVWRQHV PDUOV DQG
VLOWVWRQHV 6HUYLQR )RUPDWLRQ GRORVWRQH OLPHVWRQH DQG
FRQJORPHUDWHV &DUQLROD GL %RYHJQR )RUPDWLRQ OLPHVWRQH
&DOFDUHG¶$QJROR)RUPDWLRQ7KHFRPSOH[ WHFWRQLFVRI UHJLRQ




DYHUDJH \LHOG DSSUR[LPDWHO\  PV u NP ZLWKLQ ZKLFK
JURXQGZDWHUFLUFXODWLRQLQYROYHVWKHPRVWILVVXUHGOD\HUVFORVHVW
WRVXUIDFHRQDYHUDJHILUVWKXQGUHGVPHWHUV,QWKHPRVWKHDYLO\
IUDFWXUHG ]RQHVQHDU WKH IDXOWV JURXQGZDWHU IORZ LVPRUH DFWLYH
DQG DW D JUHDWHU GHSWK *URXQGZDWHU RXWIORZV LQ WKH YDOOH\V










,QYHVWLJDWLRQV KDYH EHHQ SHUIRUPHG LQ 6W $ORLVLR PLQH RQ
6HUYLQR )RUPDWLRQ /RFDOO\ OLPHVWRQH VDQGVWRQHV PDUOV DQG
VLOWVWRQHV EHGV GLS WRZDUGV 66( 7KH PLQH SHQHWUDWHV WKH
XQVDWXUDWHG]RQHRIWKHVHGLPHQWDU\FRPSOH[ZKHUHJURXQGZDWHU
IORZRFFXUVDWDJUHDWHUGHSWKGLVFKDUJLQJLQWKH5LYHU0HOOD
6HYHQ VLWHV ZHUH H[DPLQHG LQ WKH PLQH DW IRXU GLIIHUHQW




DQG IRXU IUDFWXUH VHWV PRVWO\ VXEYHUWLFDO 7KH WUHQG RI WKH
VSDFLQJ RI DOO GLVFRQWLQXLW\ VHWV LV ELPRGDO ZLWKPRUH IUHTXHQW
YDOXHVEHWZHHQDQGFP$OODSHUWXUHYDOXHVDUHLQFOXGHGLQ
D UHGXFHG UDQJH IURP  WR PPZLWK DPRGDO IUHTXHQF\
WUHQG 'LVFRQWLQXLWLHV JHQHUDOO\ DUH QRW ILOOHG 7KH URXJKQHVV
SURILOH RI EHGGLQJ MRLQWV FRUUHVSRQGV WR -5& %XUWRQ DQG
&KRXEH\UDQJHRIKLJKHUYDOXHVKDYHEHHQIRXQG-5&
 IRUIUDFWXUHV
$PRQJ WKH SDUDPHWHUV PHDVXUHG DSHUWXUH KLJKOLJKWV WKH
PRVW VLJQLILFDQW YDULDWLRQVZLWK GHSWK GHFUHDVLQJ DV VKRZHG LQ

























7KH LQVLWX VWDWH RI VWUHVV DORQJ WKH LQYHVWLJDWHG GHSWK KDV
EHHQGHWHUPLQHG WKURXJK WZRZD\V ,650:DUHKDPDQG










E\ D ZHOOGHYHORSHG GLVFRQWLQXLW\ QHW D KLJK IUHTXHQF\ RI
GLVFRQWLQXLWLHVRIWKHYDULRXVVHWVDQGDSHUWXUHYDOXHVRIJHQHUDOO\
OHVV WKDQ  PP 7KH PHDVXUHPHQWV DOVR KLJKOLJKW WKDW WKH
DSHUWXUH JHQHUDOO\ GHFUHDVHV ZLWK GHSWK WKRXJK WKH PLQH
H[FDYDWLRQLQYROYHGEODVWLQJ
7KHVH REVHUYHG FKDQJHV LPSO\ D GHFOLQH LQ WKH HIIHFWLYH
GLVFRQWLQXLW\SRURVLW\DQGSHUPHDELOLW\RIURFNPDVVZLWKGHSWK
+\GUDXOLFFRQGXFWLYLW\RIURFNPDVVFRPSXWHGRQWKHEDVLVRIWKH
FXELF ODZ :LWWNH  UHGXFH IURP  PV WR  PV IRU
LQYHVWLJDWHG GHSWK DSSUR[LPDWHO\  P 7KHVH YDOXHV RI
K\GUDXOLF FRQGXFWLYLW\PD\QRW EH FRQVLGHUHG LQ DEVROXWH WHUPV
EXW RQO\ LQ UHODWLYH WHUPV EHFDXVH RI WKH ODFN RI LQIRUPDWLRQ














%XUWRQ1&KRXEH\9 7KH VKHDU VWUHQJWKRI URFN MRLQWV
WKHRU\DQGSUDFWLFH5RFN0HFKDQLFV
&DVVLQLV* 3HUURWWL &5  ,QWHUD]LRQH VWUXWWXUDOH 3HUPLDQD
WUD OD OLQHD GHOOH *LXGLFDULH HG L EDFLQL GL &ROOLR 7LRQH H
7UHJLRYR6XGDOSLQRFHQWUDOH1,WDOLD%ROO6RF*HRO,WDOLDQD

,650  3URSRVWH PHWRGRORJLFKH SHU OD GHWHUPLQD]LRQH
GHOOR VWDWR GL VROOHFLWD]LRQH GHOOD URFFLD 5LYLVWD ,WDOLDQD GL
*HRWHFQLFD
&KHQJ+DZ /(( ,DQ )$50(5  )OXLG IORZ LQ
GLVFRQWLQXRXVURFNV&KDSPDQDQG+DOO








































7KH IRFXV RI WKLV LQYHVWLJDWLRQ LV WKH 0HWURSROLWDQ 5HJLRQ RI
&DPSLQDVLQWKHHDVWHUQSDUWRIWKH6WDWHRI6DR3DXOR%UD]LODQ
DUHD WKDW FXUUHQWO\ GHSHQGV ODUJHO\ RQ IUDFWXUHG URFNV IRU
JURXQGZDWHU VXSSO\ DQG ZKHUH WKH LQGXVWULDOL]DWLRQ DQG XUEDQ
JURZWKKDVEHHQVXEVWDQWLDOLQUHFHQWGHFDGHV
%DVHGRQDWKRURXJKOLQHDPHQWDQGVWUXFWXUDODQDO\VLVRIWKLV
UHJLRQ D QHZ PHWKRG QDPHG +7' +RPRJHQRXV 7HFWRQLF
'RPDLQZDVGHYHORSHGE\)HUQDQGHVDQGSXEOLVKHGE\
)HUQDQGHVDQG5XGROSKWRGHWHUPLQHWKHLQIOXHQFHRIODWH
WHFWRQLFVRQ WKHSURGXFWLRQRIJURXQGZDWHUZHOOV GULOOHG LQ ORZ
SULPDU\SHUPHDELOLW\URFNV7KHPDLQPHWKRGSUHPLVHLVWKDWWKH




3UHFDPEULDQ DQG UHFHQWO\ LW ZDV DIIHFWHG E\ ILYH VWULNHVOLS
&HQR]RLFHYHQWVZKLFKSUREDEO\JHQHUDWHGVXEYHUWLFDOH[WHQVLRQ
IUDFWXUHV 7KH &HQR]RLF GHIRUPDWLRQ LV KHWHURJHQHRXVO\
GLVWULEXWHG DQG WKH PHWKRG FRQVLVWV RI GHWHUPLQLQJ WKH




Vңҗ RI WKH GRPLQDQW HYHQW LQ IRXU RI VL[ DQDO\]HG DUHDV 7KLV
VXJJHVWVWKDWWKHJURXQGZDWHUIORZLVORFDOO\JUHDWO\LQFUHDVHGE\
WKHSUHVHQFHRIH[WHQVLRQDORSHQIUDFWXUHV
7KH +7' PHWKRG FRQWULEXWHV WR JURXQGZDWHU UHVRXUFH
GHYHORSPHQWLQIUDFWXUHGURFNVRQFHLWSURYLGHVDVLPSOHZD\RI
HVWLPDWLQJZKHUHWKHPRVWJURXQGZDWHUFRQGXFWLYHIUDFWXUH]RQHV
DUH 2Q WKH RWKHU KDQG WKH VDPH PHWKRG FDQ FRQWULEXWH IRU
PDSSLQJ WKH QDWXUDO YXOQHUDELOLW\ RI IUDFWXUHG DTXLIHUV LQ D








98/)5$& LV SULQFLSDOO\ GXH WR WKH LQFOXVLRQ RI WKH IUDFWXUH
DQDO\VLV DQG WKH W\SH RI DSSURDFK XVHG IRU WKLV SXUSRVH 7KH
98/)5$&ZDVDSSOLHGWRWKHHDVWHUQSRUWLRQRIWKH0HWURSROLWDQ
5HJLRQ RI &DPSLQDV WKDW FRQVLVWV RI 3UHFDPEULDQ JQHLVVHV DQG
JUDQLWHV )HUQDQGHV  DQG )HUQDQGHV DQG $PDUDO 
KDYH UHFRJQL]HG ILYH EULWWOH VWULNHVOLS &HQR]RLF HYHQWV LQ WKH
VWXG\ DUHD ZKLFK H[FHSW WKH ROGHU RQH DIIHFW WKH 5LR &ODUR
)RUPDWLRQ 7KHVH HYHQWV ZHUH QDPHG IURP WKH ROGHVW WR WKH




)RU LQVWDQFH LQ WKH HYHQW (1( WKH V GLUHFWLRQ LV 1(6:




$ VXLWDEOH VWDUWLQJ SRLQW IRU WKH PDSSLQJ RI IUDFWXUHG DTXLIHU
YXOQHUDELOLW\ LV WKH DVVXPSWLRQ WKDW WKH IORZ RI FRQWDPLQDQWV LQ
WKH XQVDWXUDWHG ]RQH PD\ EH FRQWUROOHG WR D ODUJH H[WHQW E\
IUDFWXUHV SULQFLSDOO\ GXULQJ UHFKDUJH UHODWHG WR UDLQ\ SHULRGV RU
LQGXFHG E\ WKH K\GUDXOLF VXUFKDUJH DVVRFLDWHG ZLWK D SROOXWLQJ
DFWLYLW\
:KHQ WKH IUDFWXUHVDUHFRPSOHWHO\VDWXUDWHGSHUPHDELOLW\ LQ
HDFKRQHRIWKHPPD\EHLQWKHRUGHURIHLJKWWLPHVJUHDWHUWKDQ
WKDW LQ WKHPDWUL[ 7KHUHIRUH LQ QHDU IXOO\ VDWXUDWHG FRQGLWLRQV
IUDFWXUHVZLOO FRQWURO WKH IORZ:DQJDQG1DUDVLPKDQ ,Q
PRUHRSHQIUDFWXUHVWKHIRUFHRIJUDYLW\ZLOOEHPRUHLQWHQVHWKDQ
WKH FDSLOODU\ IRUFHV DQGZDWHUZLOOPRYHPRUH UDSLGO\ SRVVLEO\
UHDFKLQJWKHVDWXUDWHG]RQH
,WLVFRQVLGHUHGWKDWVHFRQGDU\SHUPHDELOLW\LQWKHXQVDWXUDWHG
]RQH LV FRQWUROOHG E\ WKH GHQVLW\ FRQQHFWLYLW\ DQG VL]H RI WKH
DSHUWXUH RI IUDFWXUHV :LWK WKH REMHFWLYH RI PDSSLQJ WKHVH
SURSHUWLHV WKURXJKRXW WKH UHJLRQ D MRLQW DQDO\VLV ZDV PDGH RI





WKUHH DWWULEXWHV RI WKH XQVDWXUDWHG ]RQH QDPHO\ WKLFNQHVV DQG
FRPSRVLWLRQDO QDWXUH RI WKH PDWHULDO WKDW FRPSULVHV WKLV ]RQH
FRPSRVLWLRQ DQG WH[WXUH DQG WKH GHQVLW\ FRQQHFWLYLW\ DQG
DSHUWXUHRIIUDFWXUHVDWWKHVLWH7KHILUVWWZRDWWULEXWHVJRYHUQWKH
FRQWDPLQDQWDWWHQXDWLRQFDSDFLW\RIWKHXQVDWXUDWHG]RQHZKHUHDV




LQGLFDWHG E\ )HUQDQGHV DQG 5XGROSK  LW VHHPV WR KDYH
FRQWUROOHG WKH FXUUHQW DSHUWXUH RI IUDFWXUHV ,Q WKLV ZD\ D
OLQHDPHQW PDS RI WKH DUHD )LJ ZDV VXEGLYLGHG LQ TXDGUDWLF
FHOOVDQGDQDQDO\VLVRI OLQHDPHQW WUHQGV WKURXJKURVHGLDJUDPV
HODERUDWHG IRU HDFK FHOO ZDV SHUIRUPHG LQ RUGHU WR LGHQWLI\
&HQR]RLFWHFWRQLFGRPDLQV'HSHQGLQJRQWKHWHFWRQLFHYHQWWKDW
SUHGRPLQDWHV LQ D JLYHQ DUHD LW FDQ EH DVVXPHG WKDW D ODUJHU
DPRXQWRIH[WHQVLRQDOIUDFWXUHVFDQRFFXU
%HVLGHV WKH ZKROH OLQHDPHQW OHQJWK DQG QXPEHU RI
LQWHUVHFWLRQVZDVDOVRDFKLHYHGIRUHDFKFHOO,WLVFRQVLGHUHGWKDW
WKH GHQVLW\ DQG FRQQHFWLYLW\ RI IUDFWXUHV DUH SURSRUWLRQDO WR WKH
GHQVLW\DQGLQWHUVHFWLRQRIOLQHDPHQWV%DVHGRQWKHVHGDWDPDSV
RI WHFWRQLF GRPDLQV DQG GHQVLW\ DQG QXPEHU RI LQWHUVHFWLRQ RI
OLQHDPHQWVZHUHHODERUDWHG
7KHXQVDWXUDWHG]RQHLQWKHUHJLRQLVFRPSRVHGPDLQO\RIWKH
ZHDWKHULQJ SURGXFWV RI 3UHFDPEULDQ JQHLVVHV DQG JUDQLWHV ,Q
YLHZ RI WKH FRPSRVLWLRQ RI WKH JQHLVVHV SHUDOXPLQRXV DQG
LQWHUPHGLDWH WR EDVLF LJQHRXV FRPSRVLWLRQ WKHLU ZHDWKHULQJ
UHVXOWV LQ FOD\H\ PDWHULDOV ZKLFK KDYH D JUHDWHU FRQWDPLQDQW
DWWHQXDWLRQFDSDFLW\ZKHQFRPSDUHG WR WKHZHDWKHULQJSURGXFWV
RI WKH JUDQLWHV ZKLFK DUH VDQG\ LQ WH[WXUH ,Q WKLV ZD\ WKH

















PRVW SUREDEO\ FRQWDLQ D ODUJHU QXPEHU RI H[WHQVLRQDO IUDFWXUHV
DQGWKHUHIRUHZLWKUHJDUGWRIUDFWXUHRSHQLQJWKHVHZRXOGEHWKH
PRVWYXOQHUDEOH
7KHFRPELQDWLRQRI WKH WKUHHPDSV WRWDO OHQJWKDQGQXPEHU




WRREVHUYH WKDW WKHVH IDFWRUV FRLQFLGH LQ DUHD D IDFW WKDWJUHDWO\
IDFLOLWDWHVWKHPDSSLQJRIFODVVHVRIIUDFWXULQJ
x &ODVV  $UHDV ZLWK PHGLDQ GHQVLW\ DQG QXPEHU RI
LQWHUVHFWLRQV RI OLQHDPHQWV EXW ZLWK D JUHDWHU DPRXQW RI RSHQ
IUDFWXUHV







]RQH FODVV RI IUDFWXULQJ DQG GHSWK WR ZDWHU WDEOH ZHUH FURVV
UHIHUHQFHG WKURXJK D PDWUL[ UHVXOWLQJ LQ WKH FODVVHV RI UHODWLYH
YXOQHUDELOLW\ VKRZQ LQ WDE $ PDS ZLWK WKH UHVXOWLQJ FODVVHV
ZDVSURGXFHGRQDVFDOHRI
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WKDW WKH GHWHUPLQDWLRQ RI +RPRJHQHRXV 7HFWRQLF 'RPDLQV LV
IHDVLEOH IRU ERWK ODUJH DQG VPDOO VFDOHV QDPHO\  DQG
7KHILUVWVFDOH LVPRUHVXLWDEOH WRUHFRJQL]HDQGPDS
WKH PRUH WUDQVPLVVLYH IUDFWXUH ]RQHV 7KLV DSSOLFDWLRQ QHHGV D
SUHFLVH WUDFLQJRI OLQHDPHQWV VLQFH LWXVXDOO\DLPV WKHVLWWLQJRI
ZHOOV6FDOHVVPDOOHUWKDQIRUH[DPSOHGRQRW
DOORZWKLVDFFXUDF\
2Q WKH RWKHU KDQG VFDOHV DURXQG  DUH VXLWDEOH IRU
WKH GUDZLQJ XS RI DTXLIHU YXOQHUDELOLW\ PDSV ZKRVH PDLQ
DSSOLFDWLRQV DUH UHJXODWLRQ RI VRLO XVH DQG WHUULWRULDO SODQQLQJ
+RZHYHURQHVKRXOGERUQHLQPLQGWKDWD+RPRJHQHRXV7HFWRQLF
'RPDLQ GHWHUPLQHG DW WKLV VFDOH SUREDEO\ HQFRPSDVVHV VXE
GRPDLQVRIGLIIHUHQWWHFWRQLFHYHQWV,QWKLVZD\IRUWKHVHOHFWLRQ
RIDUHDVDLPLQJWKHVHWWOLQJRIDQHZFRQWDPLQDQWDFWLYLW\DPRUH






)LJXUH  0DS RI OLQHDPHQWV HODERUDWHG WKURXJK WKH








WKH 3LUDFLFDED 5LYHU %DVLQ DQG LWV $SSOLFDWLRQ WR WKH
+\GURJHRORJ\ RI )UDFWXUHG 0HGLD 3K' 8QLYHUVLW\ RI 6DR
3DXOR%UD]LOLQ3RUWXJXHVH
)HUQDQGHV$-$PDUDO* &HQR]RLF WHFWRQLFHYHQWVDW WKH
ERUGHURIWKH3DUDQi%DVLQ6mR3DXOR%UD]LO-RXUQDORI6RXWK
$PHULFDQ(DUWK6FLHQFHV
)HUQDQGHV $- 5XGROSK '  7KH LQIOXHQFH RI &HQR]RLF
WHFWRQLFV RQ WKH JURXQGZDWHUSURGXFWLRQ FDSDFLW\ RI IUDFWXUHG
URFNVDFDVHVWXG\LQ6mR3DXOR%UD]LO+\GURJHRORJ\-RXUQDO

:DQJ -6< 1DUDVLPKDQ 71  8QVDWXUDWHG )ORZ LQ
)UDFWXUHG3RURXV0HGLD ,Q%HDU -7VDQJ&)GH0DUVLO\*






























































,PSRUWDQW DQG UHOHYDQW LQIRUPDWLRQ DERXW KDUGURFN DTXLIHUV FDQ
EHREWDLQHG IURPUHJLRQDO*,6EDVHGK\GURJHRORJLFDOGDWDEDVHV





)LJXUH  0DS VKRZLQJ WKH 6ZHGLVK1RUZHJLDQ SDUW RI
)HQQRVFDQGLD ZLWK VHOHFWHG KDUGURFN ZHOOV LQ WKUHH SURILOHV
7KH SURILOHV UXQ SDUDOOHOO ZLWK UHJLRQDO JUDGLHQWV RI











7KH REWDLQHG GDWD FDQ IXUWKHU EH SURFHVVHG E\ VWDWLVWLFDO
DQDO\VHV ,Q VWDWLVWLFDO DQDO\VLV WKH GDWD PXVW RIWHQ PHHW VRPH
UHTXLUHPHQWVZKLFK LQ FDVHRIK\GURJHRORJ\DQGRWKHU VFLHQFHV











,Q DQ DQDO\VLV IURP WKH )HQQRVFDQGLDQ FUXVWDO DUHD WKH
RULJLQDO GDWDVHW SULRU WR ILOWHULQJ FRQVLVWHGRI FD UHFRUGV
3ULRUWRWKHVWDWLVWLFDODQDO\VLVWKHGDWDEDVHZDVUHGXFHGWRDERXW
UHFRUGV7KHVHJURXQGZDWHUKDUGURFNZHOOVZHUHDUUDQJHG
LQ WKUHH SURILOHV )LJ RULHQWHG SDUDOOHOO WR JUDGLHQWV RI W\SLFDO
UHJLRQDOIDFWRUVWKRXJKWWREHRILPSRUWDQFHIRUJURXQGZDWHU\LHOG
LQ KDUGURFN ZHOOV IURP WKH )HQQRVFDQGLDQ FUXVW 7KH UHJLRQDO
IDFWRUV FRPSULVH DQQXDO UDWH RI SRVWJODFLDO XSOLIW DQG DQQXDO
DYHUDJHSUHFLSLWDWLRQZKLOHVRLOW\SHVRLOGHSWKDQGEHGURFNW\SH
DUHVXEUHJLRQDODQGORFDOIDFWRUV
7KHUH LV QR FOHDU WUHQG LQ ZHOO \LHOG DORQJ WKH UHJLRQDO
JUDGLHQWV 7KH W\SLFDO UHJLRQDO YDULDEOHV WKH UDWH RI SRVWJODFLDO
XSOLIW DQG DYHUDJH DQQXDO SUHFLSLWDWLRQ H[SODLQ RQO\ D VPDOO
SRUWLRQ RI WKH WRWDO YDULDWLRQ LQ ZHOO \LHOG +RZHYHU WKH
H[SODQDWLRQSRZHURIWKHVHIDFWRUVYDULHVIURPSURILOHWRSURILOH,W
LV FRQVLGHUHG WKDW RWKHUPRUH ORFDO IDFWRUV VXFK DSUR[LPLW\ WR
IUDFWXUHFRUUHODWHG OLQHDPHQWVDQG WRSRJUDSK\PD\EHRIJUHDWHU
LPSRUWDQFHIRUZHOO\LHOGLQWKLVDUHD$OVRVRPHRIWKHUHJLRQDO
IDFWRUVZRUN LQ RSSRVLWH GLUHFWLRQV DORQJ WKHJUDGLHQWV DQGPD\
FDQFHOHDFKRWKHURXW
)LQDOO\ WKH UHVXOWV DUH GLVFXVVHG LQ OLJKW RI WKH UHJLRQDO

































$ E V W U D F W   9DVWDUHDVRIWKHZRUOGFRQVLVWRIKDUGURFNVEDVHPHQWFRPSOH[HVZKHUHZDWHULVUHVWULFWHGWRVHFRQGDU\SHUPHDELOLW\
DQGWKXVWRWKHIUDFWXUHVDQGWKHZHDWKHUHG]RQHV0RVWRIVXFKDUHDVKDYHDVKRUWDJHRIZDWHU$VWKHVXFFHVVUDWLRRIGULOOLQJLQKDUG
URFN WHUUDLQPD\ EH ORZ DQG WKH XVH RI JHRSK\VLFV LV RIWHQ MXGJHG DV WRR H[SHQVLYH WKH VWXG\ RI OLQHDPHQWV IURP UHPRWH VHQVHG
LPDJHU\LVDQDWWUDFWLYHDOWHUQDWLYH+LJKSURGXFWLRQDUHDVLQKDUGURFNDTXLIHUVDUHJHQHUDOO\DVVRFLDWHGZLWKFRQGXFWLYHIUDFWXUH]RQHV
$QHIIHFWLYHPHWKRGIRUGHILQLQJWKHIUDFWXUH]RQHLVEDVHGRQOLQHDPHQWLQGLFHVZKLFKDUHH[WUDFWHGIURPVDWHOOLWHLPDJHU\7RJHWKHU





7KH UHODWLRQVKLS RI OLQHDPHQWV IUDFWXUHV DQG JURXQGZDWHU LV
VWXGLHG E\ 0DEHH HW DO  .UHVLF  6DQGHU 
0DJRZH .ULVKQDPXUWK\HWDO 7KH\DJUHH WKDWD
KLJK GHQVLW\ RI OLQHDPHQWV LQGLFDWH LQ JHQHUDO WKH SUHVHQFH RI
JURXQGZDWHU +XQJ HW DO  VXJJHVWHG WKDW IUDFWXUHG URFNV
FRXOG EH DQDO\VHG E\ VWXG\LQJ OLQHDPHQWV ZLWK WKH KHOS RI
OLQHDPHQW LQGLFHV$Q DSSOLFDWLRQRI WKHSURSRVHGPHWKRGRORJ\









OLQHDPHQW H[WUDFWLRQ+RZHYHU LWV UHVXOW LV RIWHQ VWLOO FRQIXVLQJ
DQGFRQWDLQVPDQ\HUURUVIURPDJHRORJLFDOSRLQWRIYLHZ)LJ






)LJXUH  /LQHDPHQW PDS RI WKH 6XRLPXRL NDUVW FDWFKPHQW
UHVXOWLQJ IURP 3&, *HRPDWLFD H[WUDFWLRQ QR OLQHDPHQW
DQDO\VLVVRIWZDUHZDVXVHG

UDWLR PHWKRGV DQG LGHQWLILFDWLRQ RI ]RQHV ZLWK K\GURORJLFDO
IHDWXUHV 7DNLQJ WKH SUHSURFHVVLQJ LQWR DFFRXQW ZLOO HQKDQFH




/LQHDPHQW $QDO\VLV 6RIWZDUH ZKLFK ZDV GHYHORSHG E\ WKH
'HSDUWPHQW RI 5HPRWH 6HQVLQJ DQG *HRPDWLFV RI WKH 5HVHDUFK
,QVWLWXWH RI*HRORJ\ DQG0LQHUDO5HVRXUFHV RI9LHWQDP ,Q WKLV
VRIWZDUH OLQHDPHQWV DUH FRUUHFWHGRQHRUPRUH WLPHV UHPRYLQJ
FRQQHFWLQJ« EDVHG RQ WKH VWDWLVWLFDO DQG JHRORJLFDO
FKDUDFWHULVWLFVDQGWKHVSDWLDOVFDOHRIWKHOLQHDPHQWV
7KUHH PDLQ NLQGV RI OLQHDPHQW LQGLFHV IRU FKDUDFWHULVLQJ D
IUDFWXUH]RQHDUHGLVWLQJXLVKHG7RWDOOHQJWKRIOLQHDPHQWV;
 7RWDO QXPEHU RI OLQHDPHQWV  < DQG  7RWDO QXPEHU RI
OLQHDPHQW LQWHUVHFWLRQV  = $W VPDOOVFDOH DQDO\VLV WKH DYHUDJH
OHQJWK LQGH[ FDQ UHSODFH WKH DERYH LQGLFHV 7KH /LQHDPHQW
















DFWLYLWLHV LQ WKH VWXG\ DUHD +RS  UHFRJQL]HG PDMRU IDXOW
V\VWHPV LQ 1:6( DQG (: GLUHFWLRQ WKH\ FRQFOXGHG WKDW WKH
IUDFWXUH]RQHYDULHVLQZLGWKEHWZHHQDQGPDURXQGWKH
1:6(IDXOWV\VWHP
7KH IUDFWXUH ]RQH LV GHILQHG RQ EDVLV RI WKH GHQVLW\ RI D
OLQHDPHQW LQGH[ 7KH FULWLFDO YDOXH RI WKH OLQHDPHQW LQGH[ IRU
GHILQLQJ D IUDFWXUH ]RQH ERXQGDU\ FDQ EH HVWLPDWHG E\ ILHOG
REVHUYDWLRQVRIWKHLQWHQVLW\RIURFNGHIRUPDWLRQV7KHK\SRWKHVLV
LV WKDW D KLJKHU OLQHDPHQWGHQVLW\ LQGH[ FRUUHVSRQGV WR D KLJKHU
URFNGHIRUPDWLRQ)DFWXUH]RQH)FDQEHGHVFULEHGDVDIXQFWLRQ
RIWKHWKUHHOLQHDPHQWLQGLFHV
 =<;I)  




ZKHUHD E FDUH FDOLEUDWLRQ FRQVWDQWV )LJ JLYHV WKH UHVXOWLQJ
PDSRIWKHOLQHDPHQWGHQVLW\IXQFWLRQ)
7KH OLQHDPHQW VRIWZDUHGHVFULEHV WKH IUDFWXUH]RQHVE\ WKHLU
ERXQGDU\ UHODWLYH LQWHQVLW\ GLUHFWLRQ RI OLQHDPHQWV DQG WKH
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+RS 1'  *HRORJLFDO PDS RI 7KXDQ &KDX ± 6RQ /D
9LHWQDP+DQRL7KH*HRORJLFDO6XUYH\RI9LHWQDPSS
+XQJ /4 'LQK 14 %DWHODDQ 2 7DP 97 /DJURX ' 
5HPRWHVHQVLQJDQG*,6EDVHGDQDO\VLVRIFDYHGHYHORSPHQWLQ
WKH 6XRLPXRL FDWFKPHQW 6RQ /D1: 9LHWQDP -RXUQDO RI
&DYHDQG.DUVW6WXGLHV
.ULVKQDPXUWK\ - 0DQL $ -D\DUDPDQ 9 0DQLYHO 0 
*URXQGZDWHU UHVRXUFHV GHYHORSPHQW LQ KDUG URFN WHUUDLQ ± DQ
DSSURDFK XVLQJ UHPRWH VHQVLQJ DQG *,6 WHFKQLTXHV
,QWHUQDWLRQDO MRXUQDO RI DSSOLHG HDUWK REVHUYDWLRQ DQG
JHRLQIRUPDWLRQ
.UHVLF 1  5HPRWH VHQVLQJ RI WHFWRQLF IDEULF FRQWUROOLQJ
JURXQGZDWHUIORZLQGLQDULFNDUVW5HPRWH6HQV(QYLURQ








SURPLVLQJ WDUJHWV XVLQJ D SUREDELOLVWLF DSSURDFK +\GURJHRO -

6DQGHU 3 0LQRU 7% &KHVOH\ 00  *URXQGZDWHU





















7KH 7DEOH 0RXQWDLQ *URXS 70* EXLOGV PRVW RI WKH &DSH
3URYLQFHV RI WKH 5HSXEOLF RI 6RXWK$IULFD ,W RXWFURSV RYHU DQ
DUHD RI DERXW  VTXDUH NLORPHWHUV PRVWO\ PRXQWDLQRXV
UHDFKLQJ HOHYDWLRQV RI P 7KH SUHFLSLWDWLRQ IDOOLQJ RQ WKH
RXWFURSVYDULHVH[WUHPHO\2QLWVQRUWKHUQERUGHUVWKHFOLPDWHLV
DULG LWV DQQXDO SUHFLSLWDWLRQ GRHV QRW H[FHHG PPZKLOH LQ
WKH VRXWKZHVWHUQ UHJLRQ LW PD\ UHDFK  PP\ ,WV WRWDO
WKLFNQHVV LV DERXW  PHWHUV GH %HHU  FRQVLVWLQJ RI
TXDUW]LWLF VDQGVWRQHV RI 2UGRYLFLDQ WR 6LOXULDQ DJH %HFDXVH RI
WKH WHFWRQLF SURFHVVHV ZKLFK WKLV UHJLRQ XQGHUZHQW VLQFH WKH
3DOHR]RLF (UD WKH URFNV DUH KLJKO\ FRQVROLGDWHG DQG RI ]HUR
SULPDU\K\GUDXOLFFRQGXFWLYLW\H[FHSWIRUWKHIHZWRDIHZWHQV




*RYHUQPHQW DQG RQ WKHEDVLV RI D YLVLW WKHUPDO VSULQJV LVVXLQJ





DV D UHJLRQDO DTXLIHU DQG VKRXOG EH H[SORUHG E\ GHHS GULOOLQJV
+RZHYHUWKLVVXJJHVWLRQZDVUHMHFWHGE\WKHRIILFLDO56$ZDWHU
DXWKRULWLHVDQGXQWLOWKHPLGHLJKWLHVRQO\WKHPRVWVKDOORZ]RQH
ZDV FRQVLGHUHG DV DTXLIHURXV DQG ZRUWK GULOOLQJ LQWR $ IHZ
6RXWK $IULFDQ +\GURJHRORJLVWV KRZHYHU YHQWXUHG WR VXJJHVW
WKDW WKHDTXLIHURXVSURSHUWLHVRIWKH70*PD\H[WHQGWRGHHSHU
GHSWKV:HDYHUHWDO
'XULQJ WKH HDUO\ ¶V ,VVDU ZDV HQDEOHG WR UHDVVHVV KLV
K\SRWKHVLVGXULQJDVHULHVRIYLVLWVWRWKH56$7KLVWLPHRQWKH
LQYLWDWLRQ RI ( %UDXQH 'LUHFWRU *HRK\GURORJ\ RI WKH
'HSDUWPHQW RI :DWHU $IIDLUV DQG )RUHVWU\ ':$) $Q
H[WHQVLYHVXUYH\ZKLFKLQFOXGHGYLVLWVDWWKHVLWHVRIKRWVSULQJV
DQG WKHLU ORFDWLRQ RQ WKH UHJLRQDO IDXOW SDWWHUQZKLFK FRXOG EH
IROORZHGRQWKHVDWHOOLWHLPDJHVDVZHOODVUHVXOWVRIWKHUHVHDUFK
RQ WKH FKHPLFDO DQG LVRWRSLF FRPSRVLWLRQ RI WKHVH VSULQJV E\
0D]RU DQG9HUKDJHQ  HQDEOHG WKH IRUPXODWLRQ RI DPRUH
GHWDLOHGFRQFHSWXDOPRGHO$FFRUGLQJO\WKH70*ZDVVXJJHVWHG
WR FRQVLVW RI WKUHH LQWHUFRQQHFWHG ]RQHV RI DTXLIHURXV ILVVXUHG
DQGIUDFWXUHGURFNVQDPHO\
=RQH  /RFDO VKDOORZ V\VWHPV RI ILVVXUHV UHODWHG WR WKH
PHFKDQLFDOIDLOXUHRIWKHURFNVGXHWRSUHVVXUHUHOHDVHDQGURFN
WHQVLRQ MRLQWV FRQQHFWHG WR ORFDO IROGV DQG IDXOWV =RQH 
5HJLRQDO GHHS V\VWHPV RI ILVVXUHV DQG IUDFWXUHV FRQQHFWHG WR
UHJLRQDO IDXOWV FDXVHG E\ UHJLRQDO IROGLQJ VWUXFWXUHV =RQH 
,QWHUUHJLRQDO V\VWHPV RI IUDFWXUHV FRQQHFWHG ZLWK WKH LQWHU
UHJLRQDOV\VWHPRIIDXOWVDORQJ WKHPDMRU WHFWRQLF OLQHVGLYLGLQJ
WKH706SURYLQFHLQWRWHFWRQLFEORFNV
7KH UHFKDUJH RI WKH DTXLIHU LV WDNLQJ SODFH LQWR =RQH 
PDLQO\ LQ WKH KLJK DOWLWXGH UHJLRQV ZKHUH SUHFLSLWDWLRQ LV
PD[LPDO )URP WKHUH LW IORZV WKURXJK DQG DORQJ WKH UHJLRQDO
IDXOWVLQWR=RQHIURPZKHUHLWIORZVLQWR=RQHDQGDORQJWKH
LQWHUUHJLRQDO IDXOWV 7KH RXWIORZV DUH IURP WKH ILVVXUHV DQG
IUDFWXUHV DV ORFDO SHUFKHG VSULQJV LQ =RQH  LQWR ULYHUEHGV
DORQJWKHORFDODQGUHJLRQDOIDXOWVLQ=RQHDQGDVKRWVSULQJV
RUGLUHFWO\WRWKHVHDDORQJWKHPHJDIDXOWVRI=RQH
,Q RUGHU WR YHULI\ RU IDOVLI\ WKLV FRQFHSWXDO PRGHO DQ
H[WHQVLYH VDPSOLQJRIZDWHU IURPVSULQJVKDYHEHHQFDUULHGRXW
DQG DQDO\]HG IRU LWV FKHPLFDO DQG HQYLURQPHQWDO LVRWRSHV
FRPSRVLWLRQ7KH VDPSOLQJZDVFDUULHGRXWDORQJ WUDQVYHUVHVRI
WKH 70* SURYLQFH VWDUWLQJ IURP WKH VHD DQG HQGLQJ DW KLJK
DOWLWXGHV
7KH UHVXOWV YDOLGDWHG WKH FRQFHSWXDO PRGHO VKRZLQJ WKDW
LQGHHG WKH ZDWHU RI VRPH RI WKH KRW VSULQJV HPHUJLQJ DW ORZ
DOWLWXGHVKDYHDGHSOHWHGR[\JHQDQGGHXWHULXPFRPSRVLWLRQ
FRUUHODWLYH WR WKHZDWHU RI WKH ORFDO SHUFKHG VSULQJV VDPSOHG DW
KLJK DOWLWXGHV ,VVDU  7KH LQIOXHQFH RI WKH DOWLWXGH RQ WKH
LVRWRSLFFRPSRVLWLRQRIWKHWKHUPDOVSULQJVZDVVXSSRUWHGE\WKH
PRUH H[WHQVLYH ZRUN RQ WKH WKHUPDO VSULQJV RI WKH 70* E\
+DUULVDQG'LDPRQG
,Q DFFRUGDQFH ZLWK ,VVDU¶V UHFRPPHQGDWLRQV WKH ':$)
DGRSWHG D ORQJWHUP SURJUDP RI UHVHDUFK H[SORUDWLRQ DQG
GHYHORSPHQW RI WKH 70* 2QH RI WKH UHJLRQV LQ ZKLFK DQ
LQWHQVLYH K\GURJHRORJLFDO DQG K\GURFKHPLFDO UHVHDUFK ZDV
FDUULHG RXWZDV WKH.OHLQ.DURR SURYLQFH LQ WKH FHQWUDO SDUW RI
WKH 70* EHOW .RW]H  6LPXOWDQHRXVO\ LQWHQVLYH
LQYHVWLJDWLRQ SURFHHGHG LQ RWKHU UHJLRQV 7KLV EURXJKW WRPDQ\
VXFFHVVHV WKH PRVW FRQYLQFLQJ RQH ZDV DW &LWUXVGDO LQ WKH
:HVWHUQ&DSH3URYLQFHZKHUHD VHULHVRIZHOOVZDVGULOOHGDVD
SUHFDXWLRQ DJDLQVW GURXJKW LQ FDVH RI D VWURQJ (O 1LQ} HIIHFW
:HOOVGULOOHGWRGHSWKVIURPWRPHWHUV\LHOGHGTXDQWLWLHV
RI  WR  PK 2 DQG + DQDO\VHV KDYH VKRZQ WKDW WKH
FRPSRVLWLRQ EHFRPHV OLJKWHU ZLWK GHSWK +DUWQDG\ DQG +D\
FRQILUPLQJ,VVDU¶VFRQFHSWXDOPRGHO




WHVWVZHUHEDVHGRQ WKHDVVXPSWLRQRI ODPLQDU IORZ LQDSRURXV
KRPRJHQRXV PHGLD ZKLOH WKH 70* ZDV QRW SRURXV QRW
KRPRJHQRXVDQGWKHIORZLQWKHRSHQIUDFWXUHVLQWKHYLFLQLW\RI
WKHSXPSLQJZHOOVFRXOGKDYHEHFRPHWXUEXOHQW<HWWKHYDULRXV
LQYHVWLJDWLRQV KDYH VKRZQ WKDW RQ WKH DYHUDJH FRQYHQWLRQDO
SXPSLQJ WHVWV FRXSOHG ZLWK RWKHU PHWKRG RI HYDOXDWLRQ DV
DQDO\VLVRI VSULQJ IORZ WHVWV RQGDPIRXQGDWLRQVHWFGRJLYH D
UDQJH RI K\GUDXOLF FRHIILFLHQWV WKH DYHUDJH RI ZKLFK FRXOG EH
DSSOLHG WR FDOFXODWH SUHOLPLQDU\ UHJLRQDO K\GURORJLFDO EDODQFHV
7KLV FRXOG JLYH WKH RUGHU RIPDJQLWXGH RI WKH YROXPHRIZDWHU
IORZLQJ WKURXJK D FHUWDLQ VHFWLRQ DQG VWRUHG +\GUDXOLF
FRQGXFWLYLW\ FRHIILFLHQWV . UDQJHG IURP  PG WR  
PGD\7UDQVPLVVLYLW\7YDOXHVRIDIHZKXQGUHGPGD\
FKDUDFWHUL]HG SURGXFWLYH IUDFWXUHG ]RQHV :KHQ LW FRPHV WR
VWRUDWLYLW\FRHIILFLHQWV6WKHILJXUHRIZDVIRXQGWREH³D
IDLU HVWLPDWH IRU WKH EXON VWRUDWLYLW\ RI WKH 3HQLQVXOD DQG
1DUGRXZIRUPDWLRQV´5RVHZDUQHZKLFKDUHWKHWZRPRVW
DUHQLWLFDQGWKXVZLWKWKHKLJKHVWSRWHQWLDORIEHLQJIUDFWXUHGDQG





























8QSXEOLVKHG 5HSRUW QR  7KH'LUHFWRWUDWH RI*HRK\GURORJ\
':$)65$
.RW]H -&  +\GURJHRORJ\ RI WKH 7DEOH 0RXQWDLQ
6DQGVWRQH$TXLIHULQWKH/LWWOH.DURR3K'7KHVLV8QLYHUVLW\
RI2UDQJH)UHH6WDWH%ORHPIRQWHLQ
0D]RU ( 9HUKDJHQ %7 5RVHZDUQH 3  +\GURJHRORJLFDO
&KDUDFWHULVWLFV RI WKH 7DEOH 0RXQWDLQ *URXS $TXLIHUV ,Q
3LHWHUVHQ.3DUVRQV5HGVHWFGLWWR
:HDYHU -0& 5RVHZDUQH 3 +DUWQDG\ &-+ +D\ (5 
3RWHQWLDO RI 7DEOH 0RXQWDLQ *URXS $TXLIHUV DQG ,QWHJUDWLRQ













$ E V W U D F W   +\GURJHRORJLFDO LQYHVWLJDWLRQ ZDV FDUULHG RXW WR REWDLQ VXIILFLHQW LQIRUPDWLRQ RQ JURXQGZDWHU DYDLODELOLW\ LQ WKH
IUDFWXUHGPHWDPRUSKLFURFNVLQ.DQG\GLVWULFWRI6UL/DQNDERUHKROHVZHUHGULOOHGZLWKWKHDYHUDJHGHSWKRIPHWHUVDQGKLJK
\LHOGLQJZHOOVZHUHVHOHFWHGDQGFDUULHGRXWORQJWHUPSXPSLQJWHVWVIRUHDFKZHOOXVLQJVWDQGDUGPHWKRGV3XPSLQVWDOODWLRQGHSWKDQG












SURMHFW LV WKH )LQQLVK ,QWHUQDWLRQDO 'HYHORSPHQW $JHQF\
),11,'$ZLWKWKHREMHFWRISURYLGLQJVDIHGULQNLQJZDWHUDQG
VDQLWDWLRQ LQ WKH .DQG\ GLVWULFW 7KH SURMHFW ZRUNV ZHUH
XQGHUWDNHQE\62,/$1':$7(5/,0,7(')LQODQGLQ
7KHSURMHFWV LQYROYHSODQQLQJDQGGHVLJQLQJRIZDWHUVXSSO\IRU
WKH WRWDO DUHD RI .DQG\ GLVWULFW 7KH SURMHFW VXSHUYLVLRQ IRU
)LQODQG ZDV GRQH E\ ),11,'$ DQG LW ZDV QDPHG DV ³.DQG\
'LVWULFW :DWHU 6XSSO\ DQG 6DQLWDWLRQ 3URMHFW .':663´
+\GURJHRORJLFDO LQYHVWLJDWLRQV ZHUH FDUULHG RXW E\ WKLV SURMHFW






LQ WKH DUHDV FRPLQJXQGHU3DWKDGXPEUD HOHFWRUDWHRI WKH.DQG\
GLVWULFW6UL/DQND
$FFRUGLQJ WR WKH SURMHFW SODQ RI WKH .DQG\ 'LVWULFW:DWHU
VXSSO\DQG6DQLWDWLRQSURMHFWWKHDUHDRI.DQG\GLVWULFWKDVEHHQ
GLYLGHG LQWR $VVLVWDQW *RYHUQPHQW $JHQW $*$ GLYLVLRQV WR
FDUU\ RXW ZDWHU UHVRXUFHV VWXGLHV LQFOXGLQJ LGHQWLILFDWLRQ RI
FRPPXQLWLHVWKHLUUHTXLUHPHQWVDQGDUHDVWREHLPSOHPHQWHG
3DWKDGXPEDUD$*$GLYLVLRQZKLFKLVVLWXDWHGQRUWKHDVWRI
.DQG\ GLVWULFW LQ WKH FHQWUDO KLOOV RI 6UL /DQND LV RQH RI WKH
SULRULW\ DUHDV EHORQJLQJ WR WKH SURMHFW 7KH SURMHFW DUHD LV
FKDUDFWHUL]HG E\ ODUJH DQG VPDOO ULYHU EDVLQV ZLWK ULGJH DQG
YDOOH\V WRSRJUDSK\ 7KH PDLQ URDG IURP .DQG\ WR 0DWDOH LV
UXQQLQJWKURXJKWKHDUHD7KHYDOOH\VDQGIORRGSODLQVRIWKHPDLQ
ULYHV DQG VWUHDPV FRQVLVW RI EHOWV DOOXYLDO ORZODQGV7KH SURMHFW
DUHDFRYHUVQHDUO\VTXDUHNLORPHWUHV7KHPHDQDQQXDOUDLQIDOO
LQWKHSURMHFWDUHDLVDERXWPP7KHDYHUDJHGD\WHPSHUDWXUH






7KH GHHS ZHOOV KDYH EHHQ FDWHJRUL]HG LQWR KDQG SXPS
ERUHKROH ZHOOV DQG SURGXFWLRQ ERUHKROHZHOOV +DQG SXPSV DUH
LQVWDOOHGIRUWKHORZ\LHOGLQJZHOOVJHQHUDOO\ZHOO\LHOGLVDERYH
 OLWHUV SHU PLQXWH DQG HOHFWULF ZDWHU SXPSV DUH LQVWDOOHG IRU
SURGXFWLRQ ZHOOV YHU\ KLJK \LHOG DERYH  /PLQ IRU
GLVWULEXWLRQ RI ZDWHU WKURXJK D GLVWULEXWLRQ QHWZRUN DIWHU
SXPSLQJWRDVWRUDJHWDQN,QDGGLWLRQWRWKHERUHKROHZHOOVODUJH






,Q JHQHUDO WKLV DUHD LV XQGHUODLQ E\ W\SLFDO 3UHFDPEULDQ
PHWDPRUSKLF URFNV7KHPDMRU URFN W\SHV LQ WKLV DUHDDUHELRWLWH
JQHLVV KRUQEOHQGH ELRWLWH JQHLVV FKDUQRFNLWLF JQHLVV TXDUW]LWH
JUDQXOLWLFJQHLVVJDUQHWVLOOLPDQLWHJQHLVVDQGPLJPDWLWLFJQHLVV
7KHVWUXFWXUDOVHWWLQJVDQG WUHQG OLQHVRI WKHURFNVLQWKHSURMHFW
DUHD H[KLELW D JRRG PRUSKRWHFWRQQLF UHODWLRQVKLS WR WKH
WRSRJUDSKLFDO IHDWXUHV 7KH VWULNH RI PRVW RI URFNV VKRZV R
GLUHFWLRQDQGKDYLQJGHHSGLSVUDQJLQJIURPR7ZRVHWVRI
PDMRU MRLQWV OLQHDPHQWV SDWWHUQV H[LVW LQ WKH DUHD ZLWK VWULNH








+\GURJHORJLFDOO\ IDYRXUDEOH VLWHV ZHUH LQLWLDOO\ ORFDWHG DIWHU D




DUHDV ZKHUH ELRWLWH JQHLVV PLJPDWLWLF JQHLVV DQG TXDUW]LWH DUH
XQGHUODLQ ZHUH VHOHFWHG EHFDXVH WKRVH DUH WKH KLJKO\ IUDFWXUHG
URFNVLQWKHLQYHVWLJDWHGDUHD'HHSJURXQGZDWHUPD\RFFXURQO\
XQGHU IDYRXUDEOH VWUXFWXUDO FRQGLWLRQV 7KHUHIRUH URFN FRQWDFW
]RQHV IUDFWXUHG ]RQHV DQG KLJKO\ MRLQWHG SODFHV RI WKH UHJLRQDO
URFNVZHUHFRQVLGHUHGIRUVLWHVHOHFWLRQV7KHYDOOH\VO\LQJDORQJ
OLQHDPHQWV DUH WKH PRVW VXLWDEOH JHPRUSKRORJLFDO FRQGLWLRQ IRU
VKDOORZDQGGHHSJURXQGZDWHU0RVWRIVLWHVZHUHVHOHFWHGZLWKLQ
WKHVH YDOOH\V 7KH ORFDWLRQV RI VSULQJV ZLWKLQ WKH UHJLRQ DOVR
FRQVLGHUHGDVIDYRXUDEOHVLWHV
'ULOOLQJ  %DVHG RQ WKH DERYH LQYHVWLJDWLRQ  VLWHV KDYH
EHHQVHOHFWHG IRUGHHSGULOOLQJ7KHGULOOLQJRSHUDWLRQKDYHEHHQ
FRQGXFWHG XVLQJ '7+ GULOOLQJ ULJV DQG FRPSUHVVHG DLU 7KH







3XPSLQJ 7HVWV 6KRUW DQG ORQJ WHUP SXPSLQJ WHVWV ZHUH
FDUULHG RXW IRU WKH VHOHFWHG SURGXFWLRQ ZHOOV WR VWXG\ WKH
FKDUDFWHULVWLFV RI WKH DTXLIHUV 6KRUW WHUP SXPSLQJ WHVWV VWHS
GUDZGRZQZHUH GRQH WR GHFLGH WKH VXLWDEOH SXPSLQJ UDWHV DQG
OHYHOV IRU ORQJ WHUP SXPSLQJ WHVW )LQDOO\ WKH UHFRYHU\ ZDV
PHDVXUHG $IWHU DQDO\VLQJ WKH GDWD RI VWHS GUDZGRZQ WHVW WKH




ZHOOV LQFOXGLQJ QHDUE\ VKDOORZ ZHOOV ZHUH PHDVXUHG ZLWK WKH
WLPH$OOGUDZGRZQPHDVXUHPHQWVZHUHWDNHQZLWKUHVSHFWWRWKH
JURXQG VXUIDFH $ VWDQGDUG PHWKRG ZDV XVHG IRU FDUU\ RXW WKH
WHVWV +HOZHJ HW DO  $OO ORQJ WHUP SXPSLQJ WHVW ZHUH
FDUULHG RXW IRU QHDUO\ D SHULRG RI RQH PRQWK DQG UHFRYHU\
PHDVXUHPHQW ZHUH UHFRUGHG XQWLO WKH ZDWHU OHYHO UHDFK WKH
RULJLQDO VWDWLF ZDWHU OHYHO 6RPH ERUHKROHV XVHG DV REVHUYDWLRQ
ZHOOVGXULQJSXPSLQJWHVWV
$QDO\VLV /RQJWHUP SXPSLQJ WHVW GDWD ZHUH DQDO\VHG E\
XVLQJ WKH&RRSHU-DFRE¶V HTXDWLRQV 7KH GUDZGRZQ RI G\QDPLF
ZDWHUOHYHOZLWKWLPHZDVXVHGWRFDOFXODWHWKHWUDQVPLVVLYLW\7KH
FXUYHV ZHUH GUDZQ RQ QRUPDO DQG VHPLORJ JUDSK VKHHWV
UHVSHFWLYHO\ WR XQGHUVWDQG WKH DTXLIHU SURSHUWLHV 7KH
WUDQVPLVVLYLW\ KLJKHU WKDQ PGD\PZHUH VHOHFWHG DV VXLWDEOH
ZHOOVIRUWKHSURSRVHGZDWHUVXSSO\VFKHPH




DERXW UG RI WKHPD[LPXPZDWHU OHYHOZLWKLQ WKH ILUVW KRXU RI
SXPSLQJ LQ HDFK ZHOO 7KHQ DW OHDVW VL[ GD\V WDNH WR UHDFK WKH
PD[LPXP GUDZGRZQ RU WKH FRQVWDQW G\QDPLFZDWHU OHYHOV 7KH
G\QDPLFZDWHUOHYHOVDIWHUVL[GD\VZHUHIOXFWXDWLQJYHU\VORZO\
7KHUHIRUHDQ\GDPDJHZLOOQRWRFFXU WR WKHDTXLIHUV\VWHPIURP
WKHVH SXPSLQJ UDWHV 7KLV FRQILUPV WKH VHOHFWHG SXPSLQJ UDWHV








VDPH ZDWHU FROXPQ SHU GD\ ZDV REVHUYHG XVLQJ WKH WLPH
GUDZGRZQ DQG WLPHUHFRYHU\ GDWD IRU HDFK ZHOO $VPHQWLRQHG




RI ZHOOV 7KHUHIRUH  KRXUV SXPSLQJ DQG  KRXU UHFRYHU\ SHU
GD\ FDQ EH UHFRPPHQGHG 7DE VKRZ WKH UHFRPPHQGDWLRQ RI
SXPSLQJFDSDFLW\SXPSLQVWDOODWLRQGHSWKDQGWKHG\QDPLFZDWHU
OHYHO IRU HDFKZHOO7KH WRWDOPD[LPXPSXPSLQJ FDSDFLW\ IURP
DOO WKHZHOOVZHUH  FXELFPHWHUV SHU GD\8VLQJ WKHVH UDWH
RQO\  KRXU SHU GD\ ZHUH UHFRPPHQGHG IRU WKH RSHUDWLRQ RI





WKHLU GRPHVWLF SXUSRVHV1R VHULRXV SUREOHPRU FRPSODLQV KDYH
EHHQUHSRUWHGVRIDUVLQFHWKHEHJLQQLQJRIWKHSURMHFW7KHUHIRUH
WKLVLVDYHU\JRRGSUDFWLFDOH[DPSOHIRUWKHRFFXUUHQFHRIKLGGHQ
JURXQGZDWHU UHVRXUFHV LQ WKH KDUG FU\VWDOOLQH URFN\ DUHDV







WKH RFFXUUHQFH RI KLGGHQ JURXQGZDWHU VRXUFHV LQ WKH IUDFWXUHG
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6RLO DQG:DWHU /WG  5HSRUW RQ WKH VWXG\ RI JURXQGZDWHU




































$ E V W U D F W   *URXQGZDWHUIORZFRQGLWLRQVLQNDUVWDTXLIHUVIDOOLQDFRQWLQXRXVUDQJHEHWZHHQIXOO\FRQGXLWDQGIXOO\GLIIXVHIORZ
V\VWHPV6FUXWLQ\RIWKHOLWHUDWXUHRQWKHVXEMHFWRINDUVWIORZV\VWHPFKDUDFWHULVWLFVUHYHDOVWKDWSUHYLRXVO\GHYHORSHGWHFKQLTXHVIRU
DVVHVVLQJWKHVHFKDUDFWHULVWLFVRINDUVWDTXLIHUVDUHDSSOLFDEOHDWWKHFDWFKPHQWVFDOHRQO\'HVSLWHWKLVJDSLQNDUVWVWXGLHVGHWHUPLQLQJ
WKHSUHGRPLQDQWJURXQGZDWHU IORZ W\SH LQNDUVWDTXLIHUVDW VPDOO VFDOHV LV LPSRUWDQW IRUVFLHQWLILFDQGZDWHU UHVRXUFHVPDQDJHPHQW
SXUSRVHVVXFKDVJURXQGZDWHUYXOQHUDELOLW\DVVHVVPHQW$QHZDSSURDFKKDVEHHQLQWURGXFHGZKLFKSHUPLWVWKHHVWLPDWLRQRIWKHW\SH
RI IORZ LQ NDUVW DTXLIHUV XVLQJ FRQVWDQWUDWH SXPSLQJ WHVW DQDO\VLV ,Q WKLV DSSURDFK WZR SDUDPHWHUV KHWHURJHQHLW\ UDWLR DQG IORZ











LQWR WZR FDWHJRULHV L H GLIIXVH±IORZ V\VWHPV DQG FRQGXLWIORZ
V\VWHPV ,Q GLIIXVH IORZ V\VWHPV JURXQGZDWHU PRYHV WKURXJK
QDUURZDSHUWXUH IUDFWXUHV MRLQWV DQG LQWHUFRQQHFWHG SRUHV
'LIIXVH IORZ V\VWHPV EHKDYH DV SRURXV DTXLIHUV EHFDXVH RI WKH
KLJKGHJUHHRI LQWHUFRQQHFWLYLW\ZKLFKH[LVWVEHWZHHQMRLQWVDQG
SRUHV %\ FRQWUDVW LQ FRQGXLW V\VWHPV JURXQGZDWHU PRYHV
WKURXJK SLSHOLNH FRQGXLWV RI ODUJH GLDPHWHUV !FP DQG RWKHU
ODUJHFKDQQHOVUDQJLQJLQVL]HXSWRFDYHV
6FUXWLQ\ RI WKH OLWHUDWXUH UHJDUGLQJ NDUVW IORZ V\VWHP
FKDUDFWHULVWLFVUHYHDOVWKDWSUHYLRXVVWXGLHVKDYHDSSOLHGGLIIHUHQW
DSSURDFKHVWRWKHDVVHVVPHQWRIIORZW\SHDWWKHFDWFKPHQWVFDOH
7KHUH LV QR HVWDEOLVKHG DSSURDFK VXLWHG WR GHWHUPLQLQJ WKH




WKH FDWFKPHQW VFDOH XVLQJ FRQYHQWLRQDO WHVWSXPSLQJ GDWD 7KLV
PHWKRGUHOLHVRQWKHXVHRIWZRSDUDPHWHUVLHWKHKHWHURJHQHLW\
UDWLR DQG IORZ GLPHQVLRQ 7KHVH SDUDPHWHUV DQG WKHLU







$V ZDV SRLQWHG RXW HDUOLHU WKH PDLQ DLP RI WKLV SDSHU LV WR
LQWURGXFH D QHZ DSSURDFK IRU DVVHVVLQJ IORZ W\SH LQ NDUVWLF
DTXLIHUV E\ HYDOXDWLRQ RI FRQYHQWLRQDO SXPSLQJ WHVW GDWD 7KH
SHUWLQHQW TXHVWLRQ WKDW FDQEHSRVHG LV µµZKDW VRUWRINDUVW IORZ
V\VWHPFKDUDFWHULVWLFVFDQEHUHIOHFWHGE\SXPSLQJWHVWGDWD"¶¶
2Q WKHEDVLVRINDUVW IORZV\VWHPVFKDUDFWHULVWLFVPHQWLRQHG
DERYH DQG SXPSLQJ WHVW LQIRUPDWLRQ LWPD\ EH DUJXHG WKDW MXVW




7KH GHJUHH RI LQWHUFRQQHFWLYLW\ ZKLFK LV UHIOHFWHG LQ IORZ
JHRPHWU\DVUHYHDOHGLQWKHERUHKROHSXPSLQJUHFRUG
7KHVH DUH WKH GHJUHH RI KHWHURJHQHLW\ DQG WKH GHJUHH RI
LQWHUFRQQHFWLYLW\ RI IORZFRQGXFWLQJ IHDWXUHV RI NDUVW DTXLIHUV
ZKLFKDSSHDUDVYDULDWLRQVLQK\GUDXOLFSDUDPHWHUVGXULQJWHVWDQG
IORZJHRPHWU\FRQGLWLRQVUHVSHFWLYHO\
7R TXDQWLI\ WKHVH WZR FKDUDFWHULVWLFV WKHKHWHURJHQHLW\ UDWLR






,Q RUGHU WR HYDOXDWH WKH GHJUHH RI KHWHURJHQHLW\ XVLQJ SXPSLQJ
WHVW GDWD D QHZ PHWKRG KDV EHHQ GHYLVHG ,Q WKLV PHWKRG WKH
YDULDWLRQV RI WUDQVPLVVLYLW\ DW GLIIHUHQW SXPSLQJ SHULRGV LV






















































7KH UHVXOWV REWDLQHG IURP GLIIHUHQW VLWHV ZLWK GLIIHUHQW
WUDQVPLVVLYLWLHV SXPSLQJ WHVW SHULRGV DQG SXPSLQJ UDWHV UHYHDO
WKDWYDOXHVRIKHWHURJHQHLW\UDWLRUDQJHEHWZHHQDQGDVPXFK
DV ,W VKRXOGEHQRWHG WKDW WKHKHWHURJHQHLW\ UDWLRGRHVQRW
GHSHQG RQ WKH DEVROXWH WUDQVPLVVLYLW\ RI WKH NDUVWLF DTXLIHU EXW
GHSHQGVRQO\RQWKHYDULDWLRQVRIWUDQVPLVVLYLW\LQWKDWVHFWLRQRI
D NDUVWLF DTXLIHU ZKLFK LV DIIHFWHG E\ D JLYHQ SXPSLQJ WHVW






5HFHQW VWXGLHV UHJDUGLQJ WKH K\GURJHRORJLFDO FKDUDFWHULVWLFV RI
IUDFWXUHGURFNVKDYHXVHGDQRYHODQGVLPSOHWHFKQLTXHWRGHULYH
IORZJHRPHWU\IURPZHOOWHVWV7KLVWHFKQLTXHXVHVWKHFRQFHSWRI






%DUNHU  VWDWHG WKDW IRU WUDQVLHQW IORZ FRQGLWLRQV WKH
YDOXHRIIORZGLPHQVLRQLVOHVVWKDQRUHTXDOWRWZRDQGLWFDQEH
GLUHFWO\ FDOFXODWHG IURP WKH VORSH RI D SORW RI WKH ORJDULWKP RI
KHDGDJDLQVWWKHORJDULWKPRI WLPHIRUODUJHWLPHV&KDNUDEDUW\
 WRRN XS WKLV LGHD IRU GHWHUPLQLQJ WKH YDOXH RI IORZ
GLPHQVLRQ XQGHU WUDQVLHQW IORZ FRQGLWLRQV ,Q WKLV DSSURDFK WKH
YDOXHVRIKHDGDJDLQVWWLPHRQORJORJSORWZRXOGJLYHDVORSHRI








FKDUDFWHULVWLFV LW LV WREHH[SHFWHG WKDW WKHJUHDWHU WKHYDOXHVRI
IORZGLPHQVLRQWKHJUHDWHULVWKHFRQWULEXWLRQRIGLIIXVHIORZDQG
YLFHYHUVD)XUWKHUPRUHDFFRUGLQJWRWKHGHJUHHRIKHWHURJHQHLW\
DQGNDUVW IORZV\VWHPVFKDUDFWHULVWLFV LWPD\EHDUJXHG WKDW WKH
JUHDWHU WKH KHWHURJHQHLW\ UDWLR WKH JUHDWHU LV WKH FRQWULEXWLRQRI
FRQGXLW IORZ%DVHG RQ VXFK D ORJLF NDUVW IORZ V\VWHPV FDQ EH




KHWHURJHQHLW\ UDWLR LV D SUHUHTXLVLWH $V WKH PRVW OLNHO\ IORZ
GLPHQVLRQ IDOOV EHWZHHQ RQH DQG WZR 7KHUHIRUH WKH ORZHU DQG
XSSHU OLPLWV RI IORZ GLPHQVLRQ DUH VHOHFWHG DV RQH DQG WZR
UHVSHFWLYHO\ 7KLV VSHFLILHG UDQJH KDV EHHQ GLYLGHG LQWR IRXU
FDWHJRULHVIRUXVHLQNDUVWIORZV\VWHPFODVVLILFDWLRQ7DE
:LWK UHJDUG WR WKH KHWHURJHQHLW\ UDWLR WKH ORZHU OLPLW
XQGRXEWHGO\ LV   IRU K\GUDXOLFDOO\ KRPRJHQHRXV DTXLIHUV
2EWDLQHGYDOXHVRIKHWHURJHQHLW\UDWLRIRUYDULRXVSXPSLQJ WHVWV
XVLQJGLIIHUHQWPHWKRGV7KHLV&RRSHU-DFREDQG0RHQFKKDYH
\LHOGHG YDOXHV UDQJLQJ EHWZHHQ   DQG DV PXFK DV  
&RQVLGHULQJ WKHREWDLQHGYDOXHVDQG WKHFRUUHVSRQGLQJSXPSLQJ
WHVWGDWDFKDUDFWHULVWLFV HJYDULDWLRQVRI WKH VORSHV LQVHPLORJ
SORWV LW VHHPV OLNHO\ WKDW KHWHURJHQHRXV NDUVW DTXLIHUV ZLOO
H[KLELW+UYDOXHVLQWKHUDQJHWR9DOXHVLQH[FHVVRI
 DUH OLNHO\ RQO\ LQ WKH PRVW KLJKO\ KHWHURJHQHRXV NDUVW
DTXLIHUV 6LPLODUO\ WR IORZ GLPHQVLRQ YDOXHV WKLV UHODWLYHO\
QDUURZ UDQJH RI +5 YDOXHV KDV EHHQ VXEGLYLGHG LQWR IRXU
FDWHJRULHVWKDWZLOOEHDSSOLHGLQNDUVWIORZV\VWHPVFODVVLILFDWLRQ
7DE




7DEOH  3URSRVHG FDWHJRULVDWLRQ RI DTXLIHUV XVLQJ WKH
KHWHURJHQHLW\UDWLRDQGIORZGLPHQVLRQ
+HWHURJHQHLW\5DWLR








































,WPD\ EH FODLPHG WKDW SUHYLRXV WHFKQLTXHV IRU FODVVLI\LQJ IORZ
W\SHVLQNDUVWDTXLIHUVKDYHRQO\EHHQDSSOLFDEOHDWWKHFDWFKPHQW
VFDOH 7KHUHIRUH WKHUH LV QR WHFKQLTXH WR GHWHUPLQH WKH
SUHGRPLQDQW IORZ W\SH DW VPDOOHU VFDOHV RI HQJLQHHULQJ LQWHUHVW
7KHPDLQSXUSRVHRIWKLVSDSHUZDVWRLQWURGXFHDQHZWHFKQLTXH
IRULGHQWLI\LQJNDUVWIORZV\VWHPW\SHDWVFDOHVPXFKVPDOOHUWKDQ
WKH FDWFKPHQW VFDOH XVLQJ FRQYHQWLRQDO SXPSLQJ WHVW GDWD 7KLV
QHZ WHFKQLTXH LV EDVHG RQ NDUVW IORZ V\VWHPV FKDUDFWHULVWLFV
ZKLFKDUHUHIOHFWHGLQSXPSLQJWHVWGDWD7KHVHDUHWKHGHJUHHRI
KHWHURJHQHLW\ DQG WKH GHJUHH RI LQWHUFRQQHFWLYLW\ RI IORZ
FRQGXFWLQJ QHWZRUNV RI NDUVW DTXLIHUV 7R HYDOXDWH WKHVH
SDUDPHWHUV KHWHURJHQHLW\ UDWLR ZKLFK KDV EHHQ GHYLVHG LQ WKLV






%DUNHU -$$JHQHUDOL]HG UDGLDO IORZPRGHO IRUK\GUDXOLF
WHVWVLQIUDFWXUHGURFNV:DWHU5HVRXU5HV
&KDNUDEDUW\&$QRWHRQIUDFWLRQDOGLPHQVLRQDQDO\VLVRI
FRQVWDQW UDWH LQWHUIHUHQFH WHVWV:DWHU5HVRXU5HV

-DFREVRQ 5/ /DQJPXLU '  &RQWUROV RQ WKH TXDOLW\
YDULDWLRQV RI VRPH FDUERQDWH VSULQJZDWHUV -+\GURO ±

.DUDPL*+<RXQJHU3/$QDO\VLVRIWHVWSXPSLQJGDWDLQ
NDUVW DTXLIHUV ,Q 3URFHHGLQJV RI WKH WK &RQIHUHQFH RQ
/LPHVWRQH +\GURORJ\ DQG )LVVXUHG 0HGLD  6HSWHPEHU
%HVDQFRQ)UDQFHSS
6KXVWHU (7 :KLWH :%  6HDVRQDO IOXFWXDWLRQV LQ WKH




















$ E V W U D F W   3XPSLQJWHVWVFDUULHGRXWLQWKHIUDFWXUHGKRUL]RQRIDJUDQLWLFKDUGURFNDTXLIHULQWHUSUHWHGDWWKHREVHUYDWLRQZHOOVE\
PHDQVRIWKHDQDO\WLFDOVROXWLRQRI1HXPDQDQGDWWKHSXPSLQJZHOOVXVLQJWKDWRQHRI*ULQJDUWHQVKRZWKHYHUWLFDODQLVRWURS\RIWKLV
OD\HURI WKHDTXLIHU WKHKRUL]RQWDOSHUPHDELOLW\EHLQJFOHDUO\DQGV\VWHPDWLFDOO\KLJKHU WKDQ WKHYHUWLFDOSHUPHDELOLW\7KHVHUHVXOWV
SHUIHFWO\DJUHHZLWKWKHJHRORJLFDOREVHUYDWLRQVWKHIUDFWXUHGOD\HURIWKHZHDWKHUHGJUDQLWHSURILOHVKRZLQJWKHH[LVWHQFHRIPDQ\VXE







7KH0DKHVKZDUDPZDWHUVKHG ORFDWHG  NLORPHWUHV DZD\ IURP
+\GHUDEDG LQ ,QGLD LV WKH PDLQ VWXG\ DUHD RI WKH ,QGR)UHQFK
&HQWUH IRU *URXQGZDWHU 5HVHDUFK )UHQFK *HRORJLFDO 6XUYH\ 
1DWLRQDO*HRSK\VLFDO5HVHDUFK,QVWLWXWH*UDQLWHVFRQVWLWXWH WKH
ZKROH EDVLQ DQG WKH ZHDWKHULQJ SURILOHV DUH HDVLO\ REVHUYDEOH
WKURXJKPDQ\ GXJZHOOV XVHG E\ WKH IDUPHUV IRU LUULJDWLRQ7KH
K\GURJHRORJLFDO FKDUDFWHULVWLFV HJ K\GUDXOLF FRQGXFWLYLW\ DQG
VWRUDJH RI WKHZHDWKHUHGPDQWOH DQGXQGHUO\LQJEHGURFNGHULYH
SULPDULO\IURPWKHJHRPRUSKRORJLFSURFHVVHVRIGHHSZHDWKHULQJ
DQG VWULSSLQJ 7KH FODVVLFDO ZHDWKHULQJ SURILOH FRPSULVHV WKH
IROORZLQJ OD\HUV ZKLFK KDYH VSHFLILF K\GURG\QDPLF SURSHUWLHV
IURPWKHWRSWRWKHERWWRPDXQFRQVROLGDWHGZHDWKHUHGPDQWOH
UHJROLWK LVVXHG IURP SURORQJHG LQ VLWX GHFRPSRVLWLRQ RI
EHGURFN7KLV FRPSOH[XQFRQVROLGDWHG OD\HU KDV DKLJKSRURVLW\
DQG D ORZ SHUPHDELOLW\ E IUDFWXUHG ]RQH LV FRQVWLWXWHG E\
IUDFWXUHGZHDWKHUHGKDUGURFNZLWKJHQHUDOO\DGHSWKGHFUHDVLQJ
GHQVLW\RI IUDFWXUHV7KHVH IUDFWXUHV FRXOGEHFDXVHGE\FRROLQJ
VWUHVVHV LQ WKHPDJPD VXEVHTXHQW WHFWRQLF DFWLYLW\RU OLWKRVWDWLF
GHFRPSUHVVLRQ SURFHVVHV 5HFHQW ZRUNV :\QV HW DO 
GHPRQVWUDWHG WKDW WKH\ FRXOG DOVR UHVXOW IURP WKH ZHDWKHULQJ
SURFHVVLWVHOI7KLVOD\HUDVVXPHVWKHWUDQVPLVVLYHIXQFWLRQLQWKH
DTXLIHU DQG LVSXPSHGE\PRVWRI WKHZHOOVGULOOHG LQKDUGURFN
DUHDV F IUHVK EDVHPHQW LV SHUPHDEOH RQO\ ORFDOO\ ZKHUH
WHFWRQLF IUDFWXUHV DUH SUHVHQW ,Q WKH VWXG\ DUHD XQGHU D IHZ
GHFLPHWUHV RI UHG VRLOV WKH UHJROLWK ZLWK D WKLFNQHVV RI  WR 
PHWHUVFRYHUVWKHIUDFWXUHGKRUL]RQ$KLJKGHQVLW\RIKRUL]RQWDO
IUDFWXUHV LV REVHUYHG LQ WKH IUDFWXUHG KRUL]RQ ILJ 9HUWLFDO
IUDFWXUHV ZLWK D WHFWRQLF RULJLQ DUH DOVR SUHVHQW 'XH WR WKH
RYHUH[SORLWDWLRQ RI JURXQGZDWHU UHVRXUFHV ZDWHU OHYHOV DUH IDU














2Q D ELORJDULWKPLF GLDJUDP ILJ WKH GUDZGRZQ FXUYHV DW
REVHUYDWLRQ ZHOOV ,)3 DQG ,)3 GXULQJ SXPSLQJ WHVWV DW
,)3 ZHOO KDYH D FRPSOH[ VKDSH GLIILFXOW WR LQWHUSUHW ZLWK
FODVVLFDO PHWKRGV 7KHLV IRU H[DPSOH HYHQ FRQVLGHULQJ DQ
LPSHUPHDEOH ERXQGDU\ 'UDZGRZQ FXUYHV DUH FRPSRVHG E\
WKUHH SDUWV WKH ILUVW RQH DW VKRUW WLPHV ZLWK VWURQJ VORSHV LV
IROORZHG E\ DQ LQWHUPHGLDWH SHULRG GXULQJ ZKLFK D OHYHO




WDNHV LQWRDFFRXQW WKHQRWLRQRI©GHOD\HG\LHOG IURPVWRUDJH LQ
XQFRQILQHG DTXLIHUV ª ,WZDV LPSURYHGE\1HXPDQ ZKR
GHYHORSHG DQ DQDO\WLFDO VROXWLRQ DGDSWHG WR DQLVRWURSLF
XQFRQILQHGDTXLIHUVZKHUH.ULVWKHUDGLDOSHUPHDELOLW\SDUDOOHOWR
WKHDTXLIHUH[WHQVLRQDQG.]LVWKHYHUWLFDOSHUPHDELOLW\1HXPDQ
FRQVLGHUV DQ XQFRQILQHG DQG LQILQLWH DTXLIHU :KHQ D FRQVWDQW
GLVFKDUJHUDWHLVSXPSHGLQDFRPSOHWHZHOOWKHZDWHUFRPHVIRU
RQHSDUWIURPWKHVWRUDJHLQWKHDTXLIHUDQGIRUWKHRWKHUSDUWIURP
JUDYLWDWLRQDO GUDLQDJH DW WKH IUHH VXUIDFH7KH1HXPDQ VROXWLRQ
XQGHU DEDFXV JLYHV UHGXFHG GUDZGRZQV LQ DQ REVHUYDWLRQ ZHOO
ORFDWHGDWDUDGLDOGLVWDQFHUIURPWKHSXPSLQJZHOODVDIXQFWLRQ
RI UHGXFHG WLPH IRU W\SH$ FXUYHV DQG UHGXFHG WLPH IRU W\SH%
FXUYHV 7KH DSSOLFDWLRQ RI WKLVPHWKRG FRQVLVWV LQPDWFKLQJ WKH
REVHUYHGGUDZGRZQVRQ WKHDEDFXVFRQVWLWXWHGE\ERWK W\SHVRI
FXUYHV W\SH $ FXUYH IRU VKRUW WLPHV DQG W\SH % FXUYH IRU ODWH
WLPHVILJ%RWKFXUYHVDUHFKDUDFWHULVHGE\WKHVDPHSDUDPHWHU
ȕ U.'E ZKLFK LV D IXQFWLRQ RI WKH SHUPHDELOLW\ DQLVRWURS\










































,)3 ,)3 DQG ,)3 OHDGV WR WKH HYDOXDWLRQ RI
WUDQVPLVVLYLWLHV VWRUDJHFRHIILFLHQWV 6 DQG VSHFLILF\LHOGV 6\
9HU\VLPLODUYDOXHVREWDLQHGLQHDFKREVHUYDWLRQZHOOVIRU7$DQG





7DEOH 7UDQVPLVVLYLW\ DQG 6WRUDJH 3DUDPHWHUV 2EWDLQHG E\











,)3  ( ( (
,)3  ( ( (
,)3  ( ( (

7KHGHWHUPLQDWLRQRI.'QHHGV WKHNQRZOHGJHRI WKHDTXLIHU
WKLFNQHVV E )ORZPHWHU PHDVXUHPHQWV GXULQJ LQMHFWLRQ WHVWV LQ
HLJKWZHOOVRIWKHEDVLQKDYHVKRZQWKDWWKHIUHVKEDVHPHQWGRHV
QRW FRQWDLQ DQ\ FRQGXFWLYH IUDFWXUH ,W LV QDPHO\ WKH FDVH LQ
SXPSLQJZHOOV ,)3 DQG ,)37KXV WKH WRSRI WKLV OD\HUZDV
FKRVHQDVWKHERWWRPRIWKHDTXLIHU$VIRUFODVVLFDOPHWKRGVWKH
XQFHUWDLQW\RQWKHYDOXHRIUPDNHVGLIILFXOWDQ\LQWHUSUHWDWLRQRI
GUDZGRZQ LQSXPSLQJZHOOV7KH UHVXOWVRI WKH LQWHUSUHWDWLRQDW
REVHUYDWLRQ ZHOOV LQFOXGHG LQ WDE VKRZ DQ DQLVRWURS\ RI WKH
SHUPHDELOLW\ WHQVRU LQ DFFRUGDQFHZLWKJHRORJLFDO REVHUYDWLRQV
KRUL]RQWDOSHUPHDELOLW\LVV\VWHPDWLFDOO\KLJKHUWKDQYHUWLFDORQH
7KLV UHVXOW LVFRQVLVWHQWZLWK WKHREVHUYDWLRQRIPDQ\KRUL]RQWDO
IUDFWXUHVLQGXJZHOOV










SXPSLQJ WHVW TXDGUDWLF KHDG ORVVHV HVWLPDWH FRQILUPLQJ WKLV
ILQGLQJ 6LPLODUO\ WKH RQO\ FRQGXFWLYH IUDFWXUH LQWHUVHFWHG E\
,)3 ZDV DOVR VDWXUDWHG GXULQJ WKH ZKROH SXPSLQJ WHVW
0RUHRYHUWKHDQDO\VLVE\1HXPDQPHWKRGDULVHVWKHH[LVWHQFHRI
K\GUDXOLF DQLVRWURS\GXH WR WKHSUHVHQFHRIKRUL]RQWDO IUDFWXUHV
7KXVWKHPHWKRGGHYHORSHGE\*ULQJDUWHQDQG5DPH\IRU
DYHUWLFDOZHOOLQWHUVHFWLQJDKRUL]RQWDOIUDFWXUHLQDQDQLVRWURSLF
DTXLIHU DSSOLFDEOH WR WKH SXPSLQJ ZHOO LV ZHOO DGDSWHG WR WKH
K\GURJHRORJLFDOFRQWH[WRI,)3DQG,)3ZHOOV
7KH FRPSOH[LW\ RI WKH DQDO\WLFDO VROXWLRQ QHFHVVLWDWHV DQ
LQWHUSUHWDWLRQ WKURXJKWKHDGMXVWPHQWRIREVHUYHGGUDZGRZQVRQ
WKHRUHWLFDO FXUYHV RI DQ DEDFXV *ULQJDUWHQ DQG :LWKHUVSRRQ
 JLYLQJ WKH UHGXFHG GUDZGRZQV LQ D SXPSLQJ ZHOO DV D
IXQFWLRQ RI UHGXFHG WLPH IRU YDULRXV JHRPHWULFDO FRQILJXUDWLRQV
UHSUHVHQWHGE\WKHSDUDPHWHU+'*ZKHQWKHIUDFWXUHLVORFDWHGDW





WKH EORFN SHUPHDELOLW\ 6V WKH VSHFLILF VWRUDJH FRHIILFLHQW W WKH
WLPH VLQFH WKH SXPSLQJ VWDUWLQJ UI WKH UDGLXV RI WKH KRUL]RQWDO
IUDFWXUHVWKHGUDZGRZQDQG4WKHSXPSLQJGLVFKDUJHUDWH
$GMXVWPHQWV RI REVHUYHG GUDZGRZQV E\ *ULQJDUWHQ
WKHRUHWLFDO FXUYHV OHDG WRKLJKYDOXHVRI+'* VXJJHVWLQJDKLJK
SHUPHDELOLW\ DQLVRWURS\.QRZLQJ WKHJHRPHWU\RI WKHFDVH LH
WKHWKLFNQHVV+RIWKHDTXLIHUVXSSRVLQJWKHGLVWDQFH]IEHWZHHQ
WKH ERWWRP RI WKH DTXLIHU DQG WKH IUDFWXUH HTXDO WR + DQG
UHXVLQJ WKHYDOXHGHWHUPLQHGSUHYLRXVO\E\1HXPDQPHWKRG IRU
WKH DQLVRWURS\ UDWLR DYHUDJH RI  DW ,)3 DQG ,)3 DQG
 DW ,)3 WKH K\GURG\QDPLF SURSHUWLHV RI WKH RQO\
FRQGXFWLYHIUDFWXUHDUHHYDOXDWHGWDE7KHWRWDOH[WHQVLRQVRI





7DEOH  3HUPHDELOLW\ DQLVRWURS\ GHJUHH DQG UDGLXV RI WKH



















,)3     ( ( 





7KH JHRORJLFDO REVHUYDWLRQV GRQH RQ WKH JUDQLWHV RI WKH
0DKHVKZDUDP ZDWHUVKHG ,QGLD FRQILUP WKH H[LVWHQFH DV LQ
PDQ\ RWKHU DUHDV RI WKH:RUOG RI D KLJK GHQVLW\ RI KRUL]RQWDO
IUDFWXUHV LQ WKH IUDFWXUHG ]RQH RI WKH ZHDWKHULQJ SURILOH




SHUPHDELOLW\ LV  WR  WLPHV KLJKHU WKDQ YHUWLFDO SHUPHDELOLW\
7KHVH UHVXOWV FRQILUP WKH PDMRU UROH RI ZHDWKHULQJRULJLQ
IUDFWXUHV RQ WKH K\GUDXOLF SDUDPHWHUV RI KDUGURFN DTXLIHUV
WHFWRQLFRULJLQ IUDFWXUHV KDYLQJ D OHVV LPSRUWDQW UROH 7KH







\LHOG IURP VWRUDJH DSSOLHG WR SXPSLQJ WHVWV LQ XQFRQILQHG
DQLVRWURSLFDTXLIHUV-+\GURO
(QJHUUDQG&+\GURJpRORJLHGHVVRFOHVFULVWDOOLQVILVVXUHV
D IRUW UHFRXYUHPHQW G¶DOWpULWHV HQ UpJLPH GHPRXVVRQ  pWXGH
K\GURJpRORJLTXH GH GHX[ EDVVLQV YHUVDQWV VLWXpV HQ $QGKUD
3UDGHVK,QGH3K'7KHVLV8QLYHUVLW\3DULV9,
*ULQJDUWHQ$&:LWKHUVSRRQ 3$ $PHWKRG RI DQDO\VLQJ
SXPSWHVWGDWDIURPIUDFWXUHGDTXLIHUV,Q0HFKDQ,$R5HG
3HUFRODWLRQ WKURXJK ILVVXUHG URFN 'HXWVFKH *HVHOOVFKDIW IXU
5HGDQG*UXQGEDX6WXWWJDUW7%7%




1HXPDQ 63  $QDO\VLV RI SXPSLQJ WHVW GDWD IURP
DQLVRWURSLF XQFRQILQHG DTXLIHUV FRQVLGHULQJ GHOD\HG JUDYLW\
UHVSRQVH:DWHU5HVRXUFHV5HVHDUFK
:\QV5%DOWDVVDW -0/DFKDVVDJQH3/HJFKHQNR$9DLURQ -
0DWKLHX )  $SSOLFDWLRQ RI 0DJQHWLF 5HVRQDQFH













,)3  ( ( 
,)3  ( ( 













$ E V W U D F W   7KH+XUULFDQH)DXOWLVDPDMRULQWUDSODWHERXQGDU\VHSDUDWLQJWKH&RORUDGR3ODWHDXIURPWKHKLJKO\H[WHQGHG%DVLQDQG
5DQJHSK\VLRJUDSKLFSURYLQFHLQVRXWKHUQ8WDK86$1HDU+XUULFDQH8WDKZKHUHWKHIDXOW]RQHLVZHOOH[SRVHGLQWKH9LUJLQ5LYHU
&DQ\RQ  /V RI HOHYDWHG 7'6 | PJ/ WKHUPDO |  & JURXQGZDWHU GLVFKDUJHV IURP D PZLGH GDPDJH ]RQH
H[SRVHGLQWKHFDQ\RQ&RSLRXV&2JDVDOVRGLVFKDUJHV*URXQGZDWHUGLVFKDUJHVDUHFRQFHQWUDWHGLQUHJLRQVLQWKHGDPDJH]RQH
ZLWKLQFUHDVLQJGLVFKDUJHVDZD\IURPWKHIDXOWFRUH7KHODUJHVWGLVFKDUJHUHJLRQLVVXHVQHDUWKHLQWHUVHFWLRQRIDUHJLRQDORUWKRJRQDO














7KH FURVVVHFWLRQ LQ )LJ DSSUR[LPDWHO\ SDUDOOHOV WKH ULYHU
FKDQQHO$OWKRXJKWKH9LUJLQ5LYHUDWWKLVORFDWLRQLVHQWUHQFKHG
GXHWRXSOLIWRI WKH&RORUDGR3ODWHDXPDUJLQDQGRUUHGXFWLRQLQ
EDVH OHYHO VWUHDP SDWWHUQV GR QRW UHIOHFW VLPSOH FKDQQHOL]HG
PHDQGHUV )LJ 7KLV VXJJHVWV WKDW GXULQJ GRZQFXWWLQJ WKH
VWUHDPKDVH[SORLWHGQHDUO\RUWKRJRQDOIUDFWXUHV\VWHPVDWDERXW
a1(DQGa1:
&RSLRXV &2 JDV GLVFKDUJHV RFFXU LQ  UHJLRQV WKUHH RI
ZKLFK DUH DVVRFLDWHG ZLWK VLJQLILFDQW JURXQGZDWHU LQIORZV
)LJ $ PDMRU DUHD RI JDV LQIORZ DW DERXW  P LV QRW
DVVRFLDWHGZLWKDSSUHFLDEOHZDWHULQIORZ*URXQGZDWHUSULPDULO\
GLVFKDUJHV LQ DQG VOLJKWO\ DERYH WKH ULYHU ERWWRP DQG LV
FRQFHQWUDWHGLQUHJLRQVLQWKHGDPDJH]RQH'LVFKDUJHUDWHVDUH
JUHDWHVW DZD\ IURP WKH IDXOW FRUH EXW VWLOO LQ WKH GDPDJH ]RQH
)LJ'LVWDQFHVIURPWKHIDXOWDQGGLVFKDUJHUDWHLQFUHDVHVDUH
DSSUR[LPDWHO\P/VP/VDQG
P /V1RJURXQGZDWHU LQIORZRFFXUV EH\RQGP IURP
WKHIDXOWFRUH
*URXQGZDWHU LVVXHV IURP VROXWLRQZHDWKHUHG IUDFWXUHV
RULHQWHGDSSUR[LPDWHO\SDUDOOHO WR WKH IDXOW  WRR(DQG WKH
GHQVLW\RIDFURVVEHGGLQJIUDFWXUHVGHFUHDVHVZLWKGLVWDQFHIURP
WKH IDXOW 1HDU WKH IDXOW DFURVV EHGGLQJ IUDFWXUH ZLWK OHQJWKV
JUHDWHUWKDQPKDYHDQDYHUDJHGHQVLW\RI|P$OWKRXJK
WKHRYHUDOOGHQVLW\GHFUHDVHVWR|PZKHUHLQIORZUDWHVDUH

















7KH JUHDWHVW LQWHQVLW\ RI &2 JDV YHQWV DQG WKH ODUJHVW IOX[ RI
JURXQGZDWHU LQIORZV RFFXU DW WKH LQWHUVHFWLRQ RI WKH RUWKRJRQDO
IUDFWXUHV\VWHPDERXWPIURPWKHIDXOW:HVXJJHVWWKDW
WKH GLVFUHWL]DWLRQ RI JURXQGZDWHU GLVFKDUJHV WR WKH VWUHDP LV
FRQWUROOHG E\ VXFK IUDFWXUH V\VWHPV ,Q SDUWLFXODU QRUWKHDVW
RULHQWHGIUDFWXUHVDQGIUDFWXUH]RQHVDUHOLNHO\WREHRSHQDVWKH\




:H DWWULEXWH WKH UHODWLRQVKLS EHWZHHQ GHFUHDVHG IUDFWXUH
GHQVLW\ DQG LQFUHDVHG JURXQGZDWHU DQG &2 JDV GLVFKDUJH WR
IOX[LQGXFHG VROXWLRQ ZHDWKHULQJ %HQHDWK WKH FDUERQDWH
VHTXHQFHGHHSHULQWKHGDPDJH]RQHWKHK\GURG\QDPLFSUHVVXUH
LVUHODWLYHO\XQLIRUPDFURVVWKHGDPDJH]RQH:KHUHWKHIUDFWXUH
GHQVLW\ LV JUHDWHVW LQ WKH FDUERQDWH URFN QHDU WKH IDXOW WKH
GLVFKDUJH UDWH DQG SUHVVXUH SHU IUDFWXUH ZDV WKHUHIRUH LQLWLDOO\
OHVV WKDQ DZD\ IURP WKH IDXOW ZKHUH WKH GHQVLW\ RI IUDFWXUHV LV
OHVV,QRWKHUZRUGVPRUHRXWOHWVZHUHLQLWLDOO\DYDLODEOHWRGUDLQ
GLVFKDUJHZDWHUQHDUWKHIDXOWWKDQDZD\IURPWKHIDXOWDQGORZHU
GLVFKDUJH SUHVVXUH QHDU WKH IDXOW 7KXV WKH KLJKHU GLVFKDUJH






)LJXUH  &2 JDV LQIORZV ZLWK LQFUHDVLQJ GLVWDQFH IURP WKH
+XUULFDQH)DXOW
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%LHNH 5)  ,QWHULP JHRORJLF PDS RI WKH +XUULFDQH
TXDGUDQJOH :DVKLQJWRQ &RXQW\ 8WDK 86 *HRO 6XUY 2SHQ
)LOH5HSRUWS
6WHZDUW0(7D\ORU:-3HDUWKUHH3$6RORPRQ%-+XUORZ+$



































































,W LV JHQHUDOO\ XQGHUVWRRG WKDW WKH 0RXQWDLQ $TXLIHU LQ WKH
:HVW %DQN LV GLYLGHG LQWR DQ8SSHU DTXLIHU RI &HQRPDQLDQ
7XURQLDQ DJH DQG D/RZHU DTXLIHU RI8SSHU$OELDQ DJH7KH
WZR DTXLIHUV DUH VHHQ WR EH VHSDUDWHG E\ DQ DTXLFOXGH RI
LPSHUYLRXV/RZHU&HQRPDQLDQ<DWWD IRUPDWLRQRU%HLW0HLU
	 0R]D IRUPDWLRQV LQ 3DOHVWLQLDQ DQG ,VUDHOL WHUPLQRORJ\
UHVSHFWLYHO\7KH/RZHUDTXLIHULVXQGHUODLQE\WKLFNVHULHVRI
1HRFRPLDQ WR /RZHU$OELDQ SHOLWLF VHGLPHQWV UHIHUUHG WR DV
.REDU JURXS DTXLFOXGH LQ 3DOHVWLQLDQ WHUPV 6SHFLILF
OLWHUDWXUH RQ <DWWD DQG .REDU LV VFDUFH 'HVSLWH JHRORJLFDO
HYLGHQFH PRVW K\GURJHRORJLFDO VWXGLHV VHH 5HIHUHQFHV
VLPSOLI\ ERWK<DWWD DQG.REDU DUHGHVFULEHG DVKRPRJHQRXV
RYHUDOODTXLFOXGHVRUVRPHWLPHVDOVRDVOHDN\DTXLFOXGHV<DWWD
DV ³WKH PLGGOH DTXLFOXGH´ .REDU DV ³WKH ERWWRP DTXLFOXGH´
WDE +RZHYHU GULOOLQJ DQG WHVW UHVXOWV VXJJHVW D PRUH
FRPSOLFDWHG SLFWXUH 7KH VSHFLDO QDWXUH RI WKH VR FDOOHG
³PLGGOH DTXLFOXGH´ DQG WKH ³ERWWRP DTXLFOXGH´ KDV WR EH








0HLU D DQG E LV UDWKHU DTXLIHURXV +RZHYHU GXH WR ODWHUDO
IDFLHV FKDQJHV HLWKHU RQHRU ERWKRI WKH LPSHUYLRXVKRUL]RQV
FDQ WKLQRXW RU FKDQJH LQWR FDUERQDWH OLWKRORJ\$FFRUGLQJO\
<DWWD FDQEHSDUWRI WKH8SSHUDTXLIHU OLNH LQ(LQ6DPLDRU
SDUWRI WKH/RZHUDTXLIHU ,W FDQ IRUPDQ LQGHSHQGHQWPLGGOH
DTXLIHU PRVWO\ SHUFKHG RU EH UDWKHU DQ RYHUDOO DTXLWDUG
+RZHYHU LWV LPSHUYLRXV KRUL]RQV DW WKH WRS DQG ERWWRP FDQ
XQGHUJR ODWHUDO IDFLHV FKDQJH WR FDUERQDWH OLWKRORJ\ WKXVFUHDWLQJ


















FOD\ DQG VKDOH IRUPLQJ D SRZHUIXO ERWWRP DTXLFOXGH RI WKH
0RXQWDLQ$TXLIHU([SORUDWLRQZHOOV WDUJHWHG WKLV IRUPDWLRQ %HLW
'DMDQ ZHOO DV ZHOO DV WKH GHHS 5DPDOL VDQGVWRQH 5DPDOL EHLQJ
NQRZQDV.XUQXEDTXLIHULQQHLJKERXULQJDUHDVDQGFRXQWULHV(LQ
6HQLDZHOO
(LQ 6HQLDZHOO WDSSHG 1HRFRPLDQ ± $SWLDQ VWUDWD WKDW ZHUH
IRXQGWREHZLWKRXWUHFKDUJH5RFNFXWWLQJVFRUHVDQGJHRSK\VLFDO
ORJVZHUHDQDO\VHGWRUHYHDOWKHQDWXUHRIWKHIRUPDWLRQV2QO\(LQ
4LQ\D 1DEL 6D¶LG DQG +DWLUD IRUPDWLRQV ZHUH IRXQG WR KDYH D




$JH )RUPDWLRQ /LWHUDWXUH (LQ6DPLD>P@ $XGDODK>P@ (LQ6HQLD>P@ %HLW'DMDQ>P@


























.HVDORQ ³PLGGOH´$TXLIHU   




























(LQ4LQ\D ZHDN$TXLIHU  JRRGPIUDFW 
































WKLUG RI.REDUZDV IRXQG WR EH D FRPSRVLWH VHULHV RI DTXLWDUGV
DQG DTXLFOXGHV RI PDUO DQG VKDOH LQWHUEHGGHG ZLWK QRGXODU
OLPHVWRQHKRUL]RQV7KHVH OLPH\KRUL]RQVRI4DWDQD(LQ4LQ\D
DQG 8SSHU 7DPPXQ DWWDLQ DQ RYHUDOO WKLFNQHVV RI P 7KH\
FRQWDLQ WKUHH KLJKO\ IUDFWXUHG VHFWLRQV RI DQ DFFXPXODWLYH
WKLFNQHVV RI PZKLFK SURYLGH SUHIHUHQWLDO LQIORZ WR WKHZHOO
ILJ7KXV8SSHU.REDUKHUHFDQEHFRQVLGHUHGDPXOWLOD\HUHG
DTXLIHU DOEHLW ZLWK UHVWULFWHG UHFKDUJH 7KHZHOO LV VXLWDEOH IRU
VXSSO\ RQ D ORFDO VFDOH RQO\ +\GURFDUERQDJH DQDO\VLV DQG
VHYHUDO SXPS WHVW DQDO\VLV PHWKRGV FRQILUP WKH ILQGLQJV RI




DOUHDG\ NQRZQ DV D ORFDO DTXLIHU WKH QHZ ILQGLQJV VKRZ WKDW
4DWDQDDQGHYHQ8SSHU7DPPXQFDQDOVREHORFDOO\DTXLIHURXV
7KH \LHOG KRZHYHU LV UHVWULFWHG GXH WR WKH ODFN RI GLUHFW
UDLQIDOO UHFKDUJH LQ WKHVH XVXDOO\ GHHSO\ EXULHG VHULHV ,Q RWKHU
DUHDV.REDU XQGHUJRHV D ODWHUDO IDFLHV FKDQJH DQG4DWDQD DQG
HVSHFLDOO\7DPPXQDUHSXUHO\DTXLFOXGDODVLQ(LQ6HQLDZHOO
)XWXUHZHOO GULOOLQJ KDV WR WDNH WKHVH ILQGLQJV LQWR DFFRXQW
:HOO GHVLJQ DQG WKH WHVWLQJ SURJUDPPXVW SD\ DWWHQWLRQ WR WKH
VSHFLILF QDWXUH RI WKH ³DTXLFOXGHV´ LQ UHVSHFWLYHZHOO ORFDWLRQV









$OLHZL $6 HW DO  'HVLJQ FRQVWUXFWLRQ DQG FKHPLFDO
DQDO\VLV RI 'HLU 6KDUDI ZHOO 1R D DQG DVVHVVPHQW RI WKH
SURSHUWLHVRI WKH8SSHU%HLW.DKLODTXLIHU LQ WKH1DEOXVDUHD
'HSWRI&LY(QJ8QLYRI1HZFDVWOH7\QHSS
&DPS'UHVVHU0F.HH ,QF 0RUJDQWL 7DVN6WXG\
RI WKH VXVWDLQDEOH \LHOG RI WKH (DVWHUQ DTXLIHU EDVLQ )LQDO
UHSRUW86$,'&RQWUDFW1R&SS
*XWWPDQ - =XNHUPDQ &  $ PRGHO RI WKH IORZ LQ WKH
(DVWHUQ EDVLQ RI WKH PRXQWDLQV RI -XGHD DQG 6DPDULD IURP
)DUL
D 6WUHDP WR WKH -XGHDQ 'HVHUW 7$+$/  7HO
$YLYSS
.URLWRUX / 0D]RU ( ,VVDU $  )ORZ UHJLPHV LQ NDUVWLF
V\VWHPV 7KH -XGHDQ DQWLFOLQRULXP FHQWUDO ,VUDHO ,Q (G E\
%DFN:HWDOHGV+\GURJHRORJ\RIVHOHFWHGNDUVWUHJLRQV+
+HLVH9HUODJ+DQQRYHU
6KDFKQDL (  <DUTRQ 7DQQLQLP ± %HHU 6KHYD EDVLQ
XSGDWLQJRIWKHK\GURJHRORJLFDOPRGHO7$+$/7HO
$YLYSS
:HLQEHUJHU * HW DO  7KH <DUNRQ7DQLQLP JURXQGZDWHU




















7KH VWXG\ FRQFHQWUDWHG RQ WKH SUHSDUDWLRQ RI PHWKRGRORJ\ IRU
K\GURJHRORJLFDOPDSSLQJ DQG JURXQGZDWHU SRWHQWLDO DVVHVVPHQW
DGGLWLRQDO WR WKH WUDQVIHU RI NQRZKRZ DQGPDQSRZHU WUDLQLQJ
7KH ZRUN ZDV FDUULHG RXW DV D MRLQW &]HFK(WKLRSLDQ SURMHFW
ZKHUHWKH&]HFK*RYHUQPHQWILQDQFHGSDUWLFLSDWLRQRIWKH&]HFK
H[SHUWVZLWKLQ WKHSURJUDPRI7HFKQLFDO$LG$VVLVWDQFHDQG WKH
(WKLRSLDQ *RYHUQPHQW ILQDQFHG SDUWLFLSDWLRQ RI WKH (WKLRSLDQ
K\GURJHRORJLVWVRQWKHSURMHFW
*XLGHOLQHV IRU FRPSLODWLRQ RI K\GURJHRORJLFDO DQG
K\GURFKHPLFDO PDSV RI WKH (WKLRSLDQ WHUULWRU\ LQ   
VFDOH LQFOXGLQJ D VWDQGDUGLVHG OHJHQG DQG FRQWHQWV RI
H[SODQDWRU\ QRWHV KDYH EHHQ SUHSDUHG 7KH VWDQGDUGLVHG OHJHQG
ZDV FRPSLOHG EDVHG RQ WKH ODWHVW SXEOLVKHG UHFRPPHQGDWLRQ WR
WKH LQWHUQDWLRQDO OHJHQG RI WKH +\GURJHRORJLFDO 0DS DQG
H[SHULHQFH IURP WKH &]HFK 5HSXEOLF DQG (WKLRSLD 7KH
PHWKRGRORJ\ZDVDSSOLHGRQ WKH$VRVD.XUPXNDUHD1&
DQG 1& VKHHWV 7KH DUHD LV  NP LQ H[WHQW DQG LV
ERXQGHG E\ WKH (WKLRSLDQ6XGDQHVH ERUGHU RQ WKH ZHVW DQG
ORQJLWXGH  ( RQ WKH (DVW DQG ODWLWXGHV  DQG  1 RQ WKH
6RXWKDQG1RUWK7KHKLJKHVWSHDNRI WKHDUHD UHDFKHVP
WKH ORZHVWSODFHRQ WKHPDSPDVO LVZKHUH$EED\5LYHU
%OXH1LOHFURVVHVWKH(WKLRSLDQERUGHU
$WKLFNVHTXHQFHRIOD\HUHG7HUWLDU\EDVDOWVDQGLQWHUEHGGHG
VHGLPHQWV UHSUHVHQWV WKH PDLQ DTXLIHU ZLWKLQ WKH VWXG\ DUHD
DGGLWLRQDOWRIUDFWXUHGDTXLIHUVKRVWHGLQ3UHFDPEULDQFU\VWDOOLQH
EDVHPHQW DQG PDUEOH DQG 0HVR]RLF VDQGVWRQH RYHUODLG E\
VFDWWHUHG SRURXV DTXLIHU GHYHORSHG LQ 4XDWHUQDU\ GHSRVLWV
3DUWLFXODU DWWHQWLRQ KDV EHHQ SDLG WR WKH EDVDOWLF DTXLIHU RI WKH
$VRVD SODWHDX LQ WKH XSSHU +RKD ULYHU FDWFKPHQW ZKHUH
K\GURJHRORJLFDO FKDUDFWHULVWLFV DQG JURXQGZDWHU SRWHQWLDO ZHUH
VWXGLHGLQGHWDLO
7KHK\GURJHRORJLFDODQGK\GURFKHPLFDOGDWDJDWKHUHGGXULQJ
GHVN DQG ILHOG VWXG\ ZHUH LQFOXGHG LQWR D GDWDEDVH IRU IXUWKHU
LQWHUSUHWDWLRQ ZHOOV ORJV 3LSHU JUDSKV *,6 ZDV XVHG IRU
FRPSLODWLRQ RI WKH ILUVW YHUVLRQ RI K\GURJHRORJLFDO DQG
K\GURFKHPLFDOPDSVRI WKH VWXG\ DUHD$TXLIHUVZHUHFODVVLILHG





0J+&2 W\SH 7KH IUHTXHQF\ RI EDVLF DQG WUDQVLHQW W\SHV LV
HTXLYDOHQW DW WKH $VRVD SODWHDX DTXLIHU 7'6 LQ JURXQGZDWHU
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$ E V W U D F W   7KH&RUN+DUERXUDUHDRI6:,UHODQGLVFKDUDFWHULVHGE\DVHULHVRI(:WUHQGLQJ9DULVFDQDQWLFOLQHVDQGV\QFOLQHV
WKH IRUPHU FRUHG E\ 8SSHU 'HYRQLDQ 2OG 5HG 6DQGVWRQH 256 DQG WKH ODWWHU E\ NDUVWLILHG /RZHU &DUERQLIHURXV OLPHVWRQHV
2YHUEXUGHQRIYDULDEOH WKLFNQHVVPRVWO\JODFLDO WLOORYHUOLHVEHGURFNEXWVDQGDQGJUDYHOGHSRVLWVDOVRRFFXU0DMRUJURXQGZDWHU
DTXLIHUVH[LVW LQERWKWKHEHGURFNDQGWKHRYHUEXUGHQ7KHDUHDLVFXWE\DVHULHVRIYHUWLFDO16WUHQGLQJ9DULVFDQFRPSDUWPHQWDO
IDXOWV VR WKH256FRULQJ WKHDQWLFOLQDO ULGJHVFDQEH UHJDUGHGDVD IUDFWXUHG URFNDTXLIHURQD ORFDO VFDOH2QD UHJLRQDOVFDOH LW
UHSUHVHQWVDEDUULHUEHWZHHQWKHWZRNDUVWLFV\VWHPVEXWWKH16IDXOWVSURYLGHLQWHUFRQQHFWLRQVEHWZHHQWKHWZROLPHVWRQHDTXLIHUV
7KHVWRUDWLYLW\RIWKH256VHTXHQFHLVUHODWLYHO\OLPLWHGEXW LQWKHVWXG\DUHDJLYHVFKDUDFWHULVWLFZHOO\LHOGVUDQJLQJIURP









,UHODQG 7KH /HH GUDLQV LQWR &RUN +DUERXU D JODFLDOO\ HURGHG





5DSLG LQGXVWULDO JURZWK LQ WKH &RUN DUHD KDV OHG WR D
VLJQLILFDQW ULVN RI JURXQGZDWHU SROOXWLRQ SDUWLFXODUO\ ZLWKLQ
VKDOORZ IUDFWXUHG DQG LQWHUJUDQXODU DTXLIHUV IRUPHG LQ WKH
'HYRQLDQVDQGVWRQHVDQGLQIOXYLRJODFLDOJUDYHOVUHVSHFWLYHO\$
UHVHDUFK SURMHFW LQLWLDWHG LQ  WR DVVHVV JURXQGZDWHU







7KH &RUN +DUERXU DUHD RI 6: ,UHODQG OLHV ZLWKLQ WKH ODWH
&DUERQLIHURXV9DULVFDQ2URJHQLF%HOWRI6:,UHODQG7KHDUHDLV
FKDUDFWHULVHG E\ D VHULHV RI (: WUHQGLQJ DQWLFOLQHV DQG
V\QFOLQHV WKH IRUPHUFRUHGE\8'HYRQLDQ2OG5HG6DQGVWRQH
256FRQVLVWLQJRIDVDQGVWRQHVKDOHVHTXHQFHDQGWKHODWWHUE\
PDVVLYH NDUVWLILHG / &DUERQLIHURXV OLPHVWRQHV )LJ 7ZR
PDMRU OLPHVWRQHFRUHG V\QFOLQHV LQ WKH &RUN +DUERXU DUHD WKH
&RUN0LGOHWRQ6\QFOLQHDQG WKH&OR\QH6\QFOLQH DUH VHSDUDWHG
E\ WKH LQWHUYHQLQJ 256FRUHG *UHDW ,VODQG $QWLFOLQH 2WKHU
256FRUHGDQWLFOLQHV WKH5DWKSHDFRQ$QWLFOLQHDQG WKH&KXUFK
%D\$QWLFOLQHRFFXUWRWKHQRUWKDQGVRXWKRIWKH&RUN0LGOHWRQ
DQG &OR\QH 6\QFOLQHV UHVSHFWLYHO\ 2YHUEXUGHQ RI YDULDEOH
WKLFNQHVV PRVWO\ JODFLDO WLOO RYHUOLHV EHGURFN EXW VDQG DQG
JUDYHO GHSRVLWV SDUWLFXODUO\ LQILOOLQJ GHHS EXULHG YDOOH\V DOVR
RFFXU




FXW E\ QXPHURXV YHUWLFDO 16 WUHQGLQJ ODWH 9DULVFDQ
FRPSDUWPHQWDO IDXOWV ZKLFK FXW WKURXJK ERWK WKH 256FRUHG
DQWLFOLQDO ULGJHV DQG WKH OLPHVWRQH FRUHG V\QFOLQHV VR WKH
UHODWLYHO\LPSHUPHDEOH256FDQEHUHJDUGHGDVDIUDFWXUHGURFN
DTXLIHURQDORFDOVFDOH2QDUHJLRQDOVFDOHLWUHSUHVHQWVDEDUULHU







0DMRU JURXQGZDWHU DTXLIHUV RFFXU LQ ERWK EHGURFN DQG WKH
RYHUEXUGHQ7KH&RUN0LGOHWRQDQG&OR\QH6\QFOLQHVDUHFRUHG
E\LQWHQVHO\NDUVWLILHGOLPHVWRQHVZKLFKKDYHVLJQLILFDQWVWRUDJH
FDSDFLW\ DQG WUDQVPLVVLYLW\ SURSHUWLHV2YHUO\LQJ WKHVH EHGURFN







LQGLFDWHV WKDW WKH GRPLQDQW IUDFWXUH VHW LV SDUDOOHO WR WKH
FRPSDUWPHQWDO IDXOWV DQG DSSUR[LPDWHO\ SHUSHQGLFXODU WR WKH
RURJHQLF WUHQG ZLWK D PHDQ VWULNH RI RR LH 16 /HVV
LPSRUWDQW WKUXVWUHODWHG IUDFWXUHV SDUDOOHO WR WKH UHJLRQDO VWULNH
KDYHDPHDQRULHQWDWLRQRIRRLH(:7KHVHWZRVHWVRI












7KH GRPLQDQW SURFHVV RI UHFKDUJH LQ WKH IUDFWXUHG DTXLIHUV LV
WKURXJKGLUHFWUHFKDUJHE\SUHFLSLWDWLRQ,QWKH&RUNDUHDDQQXDO
SUHFLSLWDWLRQ LV RI WKH RUGHU RI PP\HDU EXW
HYDSRWUDQVSLUDWLRQ DPRXQWV WR DSSUR[LPDWHO\ PP\U VR WKH
HIIHFWLYHSUHFLSLWDWLRQLVPP\U
6XUIDFHUXQRIIYDULHVZLWKWRSRJUDSK\,QWKH&RUNDUHDWKH
256FRUHG DQWLFOLQHV IRUP UHODWLYHO\ VWHHSVLGHG ULGJHV ZLWK
LQFLVHGYDOOH\V$OWKRXJKSUHFLVHPHDVXUHPHQWVRIWKHSURSRUWLRQ




$OWKRXJK PP\U PD\ LQILOWUDWH LQWR WKH JURXQG WKH
IUDFWXUHG DTXLIHU LV RYHUODLQ E\ YDULDEOH WKLFNQHVV RI UHODWLYHO\
LPSHUPHDEOH FOD\ULFK JODFLDO WLOO 7KXV SHUFRODWLRQ WKURXJK WKH
JODFLDO WLOO ZLOO EH VORZ DQG D VLJQLILFDQW SURSRUWLRQ RI WKH
LQILOWUDWHGSUHFLSLWDWLRQZLOOEHKHOGRQWKHFOD\VLQWKHWLOODVVRLO
PRLVWXUH VR WKH SURSRUWLRQ RI LQILOWUDWHG UDLQZDWHU ZKLFK
XOWLPDWHO\UHFKDUJHVWKHZDWHUWDEOHPD\EHTXLWHVPDOO












WR FRQILQLQJ SUHVVXUH DQ RYHUDOO HIIHFWLYH SRURVLW\ IRU WKH
IUDFWXUHG DTXLIHU RI DURXQG  LV HVWLPDWHG +RZHYHU PRUH
LQWHQVHO\ IUDFWXUHG DQG GHHSO\ ZHDWKHUHG ]RQHV DUH DVVRFLDWHG
ZLWK WKH FRPSDUWPHQWDO IDXOWV ZKLFK DUH XVXDOO\ H[SORLWHG E\




'LVFKDUJH IURP WKH *UHDW ,VODQG $QWLFOLQH IUDFWXUHG DTXLIHU
RFFXUVE\DYDULHW\RISURFHVVHV





 %DVHIORZ  PRVW RI WKH VWUHDPV GUDLQLQJ IURP WKH *UHDW
,VODQG$QWLFOLQHLQWRWKH&RUN0LGOHWRQDQG&OR\QH6\QFOLQHVDUH
IHG XQGHU QRUPDO ORZ IORZ FRQGLWLRQV E\ JURXQGZDWHU  XS WR
 RI WKH VWUHDPIORZ LV SUREDEO\ GHULYHG IURP JURXQGZDWHU
VRXUFHV
5HFKDUJHRIWKHNDUVWDTXLIHUV±GLVFKDUJHLQWRWKHDGMDFHQW




8VLQJ WKH FODVVLFDO ZDWHU EDODQFH IRUPXOD WR GHOLQHDWH




+\GURFKHPLFDO GDWD UHSUHVHQWLQJ D FRPSLODWLRQ RI RYHU 
DQDO\VHGVDPSOHVIURPWKH*UHDW,VODQG$QWLFOLQHDUHSUHVHQWHGLQ
7DE 7KH JURXQGZDWHU FRPSRVLWLRQ LV RI WKH +&2&D W\SH
ZLWK PLQHUDOLVDWLRQ UDQJLQJ XS WR  PJ/ 2Q WKH EDVLV RI
R[\JHQ DQG GHXWHULXP LVRWRSLF DQDO\VHV D PHWHRULF RULJLQ LV
LQGLFDWHGIRUWKHJURXQGZDWHURIWKHIUDFWXUHGDTXLIHUV

7DEOH  &KHPLFDO FRPSRVLWLRQ RI JURXQGZDWHU IURP WKH
IUDFWXUHGDTXLIHU
3DUDPHWHU 8QLW 0$& 5DQJHRI9DOXHV
7HPSHUDWXUH R&  
3+   
1D PJ/  
. PJ/  
&D PJ/  
0J PJ/  
+&2 PJ/  
62 PJ/  
&O PJ/  
12 PJ/  
+DUGQHVV &D&2  
(& P6FP  




OHG WR JUHDWHU ULVN RI JURXQGZDWHU SROOXWLRQ 7KH *HRORJLFDO
6XUYH\ RI ,UHODQG LQ FRRSHUDWLRQ ZLWK WKH ,ULVK (3$ DQG WKH




DQG WKH VKDOORZ DTXLIHU LV YXOQHUDEOH WR SROOXWLRQ SDUWLFXODUO\
IURPD ODUJHQXPEHURISULYDWH VHSWLF WDQNVPDQ\RIZKLFKDUH
LQDSSURSULDWHO\ VLWHG WRR FORVH WR EHGURFN $JULFXOWXUDO
SURGXFWLRQ DQG ODQG IHUWLOLVDWLRQ DUH RWKHU SRWHQWLDO VRXUFHV RI
JURXQGZDWHU FRQWDPLQDWLRQ DV WKH IUDFWXUHG DTXLIHUV DUH ODUJHO\









'XH WR WKHLU SRRU SULPDU\ SHUPHDELOLW\ WKH IUDFWXUHG 256
DTXLIHUVRI WKH&RUN+DUERXUDUHDEHKDYHRQDUHJLRQDOVFDOHDV
EDUULHUV WR JURXQGZDWHU PRYHPHQW EHWZHHQ WKH NDUVW DTXLIHUV
WKH\VHSDUDWH'HVSLWHWKLVWKH16FRPSDUWPHQWDOIDXOWVFXWWLQJ
WKH (: 9DULVFDQ IROGV RI WKH &RUN +DUERXU DUHD SURYLGH
SUREDEOH FRQQHFWLRQ SDWKZD\V EHWZHHQ WKH NDUVWLF DTXLIHUV
+RZHYHU D JURXQGZDWHU ZDWHUVKHG H[LVWV EHWZHHQ WKH &RUN
0LGOHWRQ DQG &OR\QH 6\QFOLQH NDUVW DTXLIHUV RFFXUULQJ ZLWKLQ
WKH*UHDW,VODQG$QWLFOLQH7KXVVKDOORZORFDOJURXQGZDWHUIORZ











/RZ HQWKDOS\ JHRWKHUPDO HQHUJ\ IRU VSDFH KHDWLQJFRROLQJ
IURP VKDOORZ JURXQGZDWHU LQ JODFLRIOXYLDO JUDYHOV &RUN
,UHODQG ,Q 3URFHHGLQJV RI WKH ;;,; ,$+ &RQJUHVV
%UDWLVODYD6ORYDN5HSXEOLF
*6, $TXLIHU SURWHFWLRQ VFKHPH &RXQW\ &RUN 6RXWKHUQ














$ E V W U D F W   ,QWKHSUHVHQWVWXG\DPHWKRGKDVEHHQGHYHORSHGWRXSVFDOHIORZFKDUDFWHULVWLFVDFURVVIUDFWXUHGQHWZRUNVZLWKDQ
LQWHQGHGDSSOLFDWLRQWRWKHULVNRIWUDQVSRUWRISDUWLFXODWHVLQWKH&KDONDTXLIHU$QXPHULFDOPRGHOZDVEXLOWWRFRQVLGHUIORZWKURXJK
LQGLYLGXDO IUDFWXUHV EDVHG RQ ILHOGZRUN DW+XQVWDQWRQ FOLII LQ(DVW$QJOLD )UDFWXUH VXUYH\ZDV FDUULHG RXW WR JLYH D TXDQWLWDWLYH
GHVFULSWLRQRIIUDFWXUHGLVWULEXWLRQDQGFKDUDFWHULVWLFV)UDFWXUHVLQWKHQHWZRUNZHUHPRGHOOHGDVILQLWHVHJPHQWVDQGRULHQWDWLRQVDQG







)UDFWXUHV DUH FRQVLGHUHG WR EH WKH SULPDU\ SDWKZD\V DOORZLQJ
IORZ DQG FRQWDPLQDQW WUDQVSRUW ZLWKLQ WKH &KDON DTXLIHU+DZ
DQG )DUPHU  VXJJHVWHG WKDW WKH K\GUDXOLF EHKDYLRXU RI D
URFNPDVVLVGHWHUPLQHGE\WKHJHRPHWU\RIWKHIUDFWXUHV\VWHP
2WKHU JHRPHWULF SURSHUWLHV RI LQGLYLGXDO IUDFWXUHV DUH DOVR
LPSRUWDQWEHFDXVHDSHUWXUHDQGFRQQHFWLYLW\DUHWKHPRVWFULWLFDO
SURSHUWLHV LQ FRQWUROOLQJ WUDQVSRUW 7KH\ GHWHUPLQH WUDYHO WLPHV
DQG WKH OHQJWKVRIIORZSDWKV LQ WKH&KDONDQGKHQFHDIIHFW WKH
GHJUHH RI FRQWDPLQDQW DWWHQXDWLRQ WKURXJK SURFHVVHV VXFK DV
GLVSHUVLRQ GLIIXVLRQ DQG PLFURELRORJLFDO GHJUDGDWLRQ )RVWHU

)RU IUDFWXUHG PHGLD KHWHURJHQHLW\ W\SLFDOO\ RFFXUV RYHU D
EURDG UDQJH RI VFDOHV 7R GDWH QR VLQJOH QXPHULFDO PRGHO FDQ
IXOO\ DGGUHVV DOO DVSHFWV RI WKH FRPSOH[ K\GURORJLFDO SURFHVVHV
LQYROYHG DW GLIIHUHQW VFDOHV 6SRVLWR  VXJJHVWHG WKDW
GLVFUHWHPRGHOV E\ VLPXODWLQJ IORZ WKURXJK LQGLYLGXDO IUDFWXUHV
ZLOO VROYH LQ VRPHZD\ WKH OHYHORIKHWHURJHQHLW\RI WKHPHGLD
EXW UHVXOWV ZLOO GHSHQG RQ NQRZOHGJH RI ILHOG VLWH VFDOH RI
LQWHUHVW DQG SXUSRVH RQ LQYHVWLJDWLRQ )LHOG FKDUDFWHULVDWLRQ RI
IUDFWXUHVHQFRXUDJHVWKHGHYHORSPHQWRIDPRGHOOLQJIUDPHZRUN
ZKHUH IUDFWXUHV ZHUH FRQVLGHUHG DV ORFDO KHWHURJHQHLWLHV
1XPHULFDO VLPXODWLRQV RI IORZ DQG WUDQVSRUW LQ IUDFWXUHG URFNV
KDYHEHHQ VWXGLHGE\PDQ\ UHVHDUFKHUV ODWHO\XVLQJ WKHGLVFUHWH
DSSURDFK IRUZKLFK VSDWLDO VWUXFWXUHV RI D IUDFWXUH QHWZRUN DQG
IORZDQGWUDQVSRUWLQLQGLYLGXDOIUDFWXUHVQHHGWREHGHVFULEHGLQ
GHWDLO+RZHYHULWLVGLIILFXOWWRPRYHIURPFRQFHSWXDOPRGHOVWR






WUDQVPLVVLYLW\ DV UDQGRP YDULDEOHV ZKRVH SUREDELOLW\ IXQFWLRQV
DUHHVWLPDWHGIURPILHOGGDWD%\JHQHUDWLQJUDQGRPSDUDPHWHUV
D IUDFWXUH QHWZRUN LV FUHDWHG DQG IORZ WKURXJK WKHQHWZRUN FDQ
WKHQ EH VROYHG E\ FRPSXWHU VLPXODWLRQ 7KLV SDSHU GHYHORSV D
FRQFHSWXDOPRGHOEDVHGRQILHOGPHDVXUHPHQWV$NH\LVVXHZDV
WRSRVWXODWHDPRGHOWKDWGHVFULEHVWKHYDULDELOLW\RIWKHGDWDDQG
FDQ EH XVHG WR H[WUDSRODWH IURP WKH GDWD WR WKH XQNQRZQ E\
ILQGLQJ SDWWHUQV RI UHJXODULW\ ZLWKLQ WKH IUDFWXUHG PHGLD $Q
XSVFDOLQJ WHFKQLTXH ZDV XVHG IRU SDUDPHWHU YDOXHV DQG
FRQFHSWXDOPRGHOVWREHDVVLJQHGWRWKHODUJHUVFDOH
)ORZDQGJHRPHWULFSDUDPHWHUVRIWKHPHGLDZHUHGHILQHGRQ
D ORFDOVFDOH a WRaPEDVHGRQILHOGGDWDDQG WRH[WHQG
WKRVHPHDVXUHPHQWVDQG WKHLU VWDWLVWLFV WRDJUHDWHUVFDOH LWZDV
QHFHVVDU\ ILUVW WRTXDQWLI\DQGUHODWH WKRVHSDUDPHWHUVDQGWKHLU
DVVRFLDWHG VWDWLVWLFV RQ WKH VFDOH RI PHDVXUHPHQW DQG WKHQ WR
GHWHUPLQHWKHPRQDQRWKHUVFDOH
7R JXLGH XSVFDOLQJ ZH H[DPLQHG WKH UHODWLRQVKLS EHWZHHQ
K\GUDXOLFFRQGXFWLYLW\DQGPHDVXUHPHQWVFDOHLQSXPSLQJWHVWVLQ
WKH &KDON 7KLV VPDOOVFDOH IUDFWXUH QHWZRUN PRGHOV ZHUH
GHVLJQHG WR JLYH D VWDWLVWLFDO PDWFK WR IUDFWXUH SDWWHUQV DQG




SURGXFH WKH ILHOGGLVWULEXWLRQRIEORFN VL]HVEHLQJ UHMHFWHG7KH
PRGHOZDVGHVLJQHGWRJLYHDUHSUHVHQWDWLRQRIORFDOVFDOHIORZV
DQG FRQWDPLQDQW SDWKZD\V 7KH\ ZHUH PRGHOOHG E\ PHDQV RI
UDQGRPO\JHQHUDWHGIUDFWXUHQHWZRUNV WKDWDUHEXLOWIURPVLPSOH







,Q FRQVWUXFWLQJ ORFDO VFDOHPRGHOV LWZDVQHFHVVDU\ WRHVWDEOLVK
WKH GHJUHH RI KHWHURJHQHLW\ LQ WKH IUDFWXUH JHRPHWU\ 7KLV ZDV
GHWHUPLQHG IURP VWDWLVWLFDO DQDO\VLV RI WKH GHWDLOHG IUDFWXUH
SDWWHUQVPHDVXUHGDWDVSHFLILFORFDWLRQWKHFOLIIVDW+XQVWDQWRQ
7KH PHWKRG FRQVLVWHG RI FROOHFWLQJ GDWD RI IUDFWXUH JHRPHWU\
VXFK DV IUDFWXUH RULHQWDWLRQ VSDFLQJ OHQJWK DQG DSHUWXUH
)XUWKHU LQIRUPDWLRQ IURP IDOOHQ IUDFWXUHERXQGHG EORFNV IRXQG
QHDU WKH FOLII ZDV DOVR LQFOXGHG LQ WKH DQDO\VLV DV WKHLU VL]H
GLVWULEXWLRQKHOSHGWRLPSURYHWKHSURSHUW\DVVLJQPHQWZLWKLQWKH





H[WHQW )UDFWXUH FKDUDFWHULVWLFV ZHUH PDSSHG DQG JURXSHG LQ
IDPLOLHV DFFRUGLQJ WR GLUHFWLRQ 7R GHILQH WKH GLIIHUHQW IUDFWXUH
VHWVZHXVHGWKHVWHUHRJUDSKLFSURMHFWLRQPHWKRG3KLOLSV
7KHQWKHVWDWLVWLFDOPHDQDQGVWDQGDUGGHYLDWLRQZHUHFRPSXWHG
IRU HYHU\ IUDFWXUH VHW SURYLGLQJ WKH EDVLV IRU VWRFKDVWLF








VFDOH aP UHSUHVHQWDWLRQ RI IUDFWXUH QHWZRUNV 7KLV FRGH
FRQVLGHUV VSDWLDO YDULDELOLW\ LQ JHRPHWULF DQG K\GURORJLFDO
SDUDPHWHUV LQIHUUHG IURP VWDWLVWLFDO DQDO\VLV 6FDOH HIIHFWV ZHUH
DYRLGHG E\ FRQVWUXFWLQJ ORFDO PRGHOV DW WKH VDPH VFDOH DV WKH
ILHOGVHFWLRQ
%\ JHQHUDWLQJ UDQGRP SDUDPHWHUV D IUDFWXUH QHWZRUN FDQ EH
FRQVWUXFWHG DQG WKH IORZ WKURXJK LW VROYHG E\ FRPSXWHU
VLPXODWLRQ 5HSHDWLQJ WKH QHWZRUN JHQHUDWLRQ DQG IORZ
VLPXODWLRQPDQ\WLPHVPDNHVLWSRVVLEOHWRDVVHVVWKHYDULDELOLW\
LQ IORZ DQG WUDQVSRUW WKURXJK GLIIHUHQW QHWZRUNV DW WKH ORFDO




)5$&0$1¶V 3RLVVRQ 5HFWDQJOH 0RGHO ZDV XVHG WR
UHSUHVHQW WKH IUDFWXUH GLVWULEXWLRQ 7KH ERXQGDU\ RI WKH ER[
JHQHUDWLRQ UHJLRQ ZDV VHW XS DV P [ P [ P DQG IUDFWXUHV
ZHUHUDQGRPO\JHQHUDWHGLQWKHUHJLRQLQWHULRU)LJ7KHLGHD
EHKLQG WKLV PHWKRG ZDV WR ILQG YDOXHV IRU GHQVLWLHV DQG OHQJWK
GLVWULEXWLRQV RI UHFWDQJXODU IUDFWXUHVZLWK 3RLVVRQ VSDFLQJV WKDW







LV UHODWLYHO\ OLPLWHG LQ H[WHQW EXW FRQWDLQV D UHDOLVDWLRQ RI WKH
VWHHSO\LQFOLQHGIUDFWXUHVHWVVHHQRQWKHFOLIIIDFHDW+XQVWDQWRQ
$ VXPPDU\ RI VRPH RI WKH VWDWLVWLFDO GDWD PHDVXUHG IRU WKHVH
WKHVHIUDFWXUHVLQWKHILHOGLVVKRZQRQ7DE

6HW 6WULNH  3OXQJH  /P  
 0HDQ 6' 0HDQ 6' 0HDQ 6' 1
$       
%       
&       
'       
(       









DQG OHQJWK GLVWULEXWLRQ ZLWKLQ WKH )5$&0$1 PRGHOV ZHUH





VLPLODU QHWZRUNV RQ D P [ P [ P UHJLRQ 0RUH VSDWLDOO\
H[WHQVLYH QXPHULFDO VLPXODWLRQV VKRZ WKDW SHUFRODWLRQ RI WKH





















)LJXUH  )5$&0$1 UHDOLVDWLRQ UHJLRQ DQG GLVSOD\ RI WUDFH
SODQH

5HSUHVHQWDWLYH IUDFWXUH DSHUWXUH YDOXHV ZHUH QRW DYDLODEOH
IURP ILHOG PHDVXUHPHQWV WKRXJK DSHUWXUH YDULDELOLW\ ZDV
GHWHUPLQHG IRU D IHZ H[FHSWLRQDOO\ ZLGH H[DPSOH IUDFWXUHV FI
%ORRPILHOG  $SHUWXUH DQG DSHUWXUH GLVWULEXWLRQV ZHUH
HVWLPDWHG E\ WULDO DQG HUURU FRQGLWLRQLQJ RI HDFK UHDOLVDWLRQ
GHWHUPLQLQJ ZKHWKHU LWV EXON K\GUDXOLF FRQGXFWLYLW\ IHOW ZLWKLQ





(DFK PRGHO FDQ EH FKDUDFWHULVHG E\ D  [  ELQDU\ PDWUL[
LQGLFDWLQJZKHWKHUIUDFWXUHSDWKZD\VH[LVWEHWZHHQLWVVL[IDFHV
)RU SDUWLFOH WUDQVSRUW D IXUWKHU FRQGLWLRQ FDQ EH LQWURGXFHG RI
ZKHWKHU SDWKZD\V KDYH FRQWLQXRXVO\ ODUJH HQRXJK DSHUWXUHV WR
DOORZDSDUWLFOHRIJLYHQVL]HWRSDVVDFURVVWKHUHJLRQ
:LWK WKLV WHFKQLTXHZHLPSURYHUHSUHVHQWDWLRQRIIOXLGIORZ
DQG WUDQVSRUW LQ IUDFWXUH QHWZRUNV DW ORFDO VFDOHV 7KH ILQDO
SUREOHP LV WR XSVFDOH IURP D )5$&0$1 EORFN WR D P [
P[P02')/2:FHOO )LJ7KLVFDQEHDFKLHYHGE\
WLOLQJ WKH ODUJHU YROXPHZLWK UDQGRPO\ VHOHFWHG EORFNV )XUWKHU
XSVFDOLQJ IURPP[ P WR D NPE\NP IORZPRGHO
FDQDOVREHDFKLHYHGE\DVHFRQGJHQHUDWLRQRIWLOLQJ7KLVVKRXOG
OHDG WR HQKDQFHG PRGHO FRQFHSWXDOLVDWLRQ ZKHUH LW ZLOO EH
SRVVLEOH WR GUDZ DPDSRI SUREDELOLW\ RI WUDQVSRUW EHWZHHQ DQ\










%ORRPILHOG -  &KDUDFWHULVDWLRQ RI K\GURORJLFDOO\
VLJQLILFDQW IUDFWXUHGLVWULEXWLRQ LQWKH&KDONDQH[DPSOHIURP
8SSHU &KDON RI 6RXWKHUQ (QJODQG -RXUQDO RI +\GURORJ\

'HUZLW] : /HH * *HLHU -  )5$&0$1 LQWHUDFWLYH
'LVFUHWH )HDWXUH 'DWD $QDO\VLV *HRPHWULF 0RGHOOLQJ DQG
([SORUDWLRQ 6LPXODWLRQ 8VHU 'RFXPHQWDWLRQ 9HUVLRQ 
*ROGHU$VVRFLDWHV,QFSS
)RVWHU 66'  7KH &KDON DTXLIHULWV YXOQHUDELOLW\ WR
SROOXWLRQ 7KH +\GURORJHRORJ\ RI WKH &KDON RI 1RUWK :HVW
(XURSH&ODUHQGRP3UHVV2[IRUGSS





3KLOOLSV )&  7KH 8VH RI 6WHUHRJUDSKLF 3URMHFWLRQ LQ
6WUXFWXUDO*HRORJ\(GZDUG$UQROG/RQGRQ




















$ E V W U D F W   7KLV SDSHU UHSRUWV WKH UHVXOWV RI K\GURJHRORJLFDO K\GURFKHPLFDO DQG IUDFWXUH SDWWHUQ VWXGLHV FRQGXFWHG DORQJ WKH
QRUWKHUQWHFWRQLFERUGHURIWKH69LWWRULQR3ODLQDQLQWUDPRQWDQHEDVLQORFDWHGLQ&HQWUDO,WDO\7KHWZRNDUVWDTXLIHUVHQFLUFOLQJWKH
3ODLQDUHIHGE\PDQ\VSULQJVZLWKDWRWDOGLVFKDUJHRIPV7KHQRUWKHUQERUGHURIWKH3ODLQFRQVLVWLQJRIH[WHQVLRQDOIDXOWVRI
3OHLVWRFHQH DJH KROGV VSULQJV ZLWK GLIIHUHQW K\GURFKHPLFDO FKDUDFWHULVWLFV 7KH VWXG\ RI WKH ORFDO IUDFWXUH SDWWHUQ VKRZHG WKH









WHFWRQLF DUHDV RIWHQ FRLQFLGHZLWK WKHLU WHFWRQLF ERUGHUV 3HWLWWD
DQG 7DOOLQL  7KLV VLWXDWLRQ LV FRPPRQ LQ WKH &HQWUDO
$SHQQLQHV ZKHUH WKH PDLQ DTXLIHUV DUH UHSUHVHQWHG E\ NDUVW
ULGJHV ZKRVH DOOXYLDO DQG WHUULJHQRXV GHSRVLWV FRUUHVSRQG WR
DTXLWDUGV DQG DTXLFOXGHV UHVSHFWLYHO\ 7KH WHFWRQLF ERUGHUV RI
WKHVH DTXLIHUV IHDWXUHG E\ H[WHQVLRQDO IDXOWV RI UHJLRQDO VFDOH
DFFRPPRGDWHVSULQJVZLWKKLJKPHDQGLVFKDUJHRIWHQH[FHHGLQJ
PV %RQL HW DO  7KHVH DFWLYH H[WHQVLRQDO IDXOWV DOVR
KROGIOXLGVWKDWDUHFORVHO\UHODWHGWRWKHYROFDQLFRUK\GURWKHUPDO
DFWLYLW\WKDWWKH7\UUKHQLDQPDUJLQRIWKH$SHQQLQHVH[SHULHQFHG
LQ WKH 4XDWHUQDU\ )DFFHQQD HW DO  7KLV JHRG\QDPLF
VHWWLQJIDYRXUVWKHPLJUDWLRQRIGHHSVHDWHGJDVHVDQGIOXLGVHJ
&2 DQG+6 WRZDUGV WKH VXUIDFH DORQJ WKH H[WHQVLRQDO IDXOWV
LQGXFLQJ VXEVWDQWLDO FKDQJHV LQ JURXQGZDWHU K\GURFKHPLVWU\
&LRWROLHWDO
7KH VWXG\ DUHD LH WKH QRUWKHUQ ERUGHU RI WKH 6 9LWWRULQR
LQWUDPRQWDQHSODLQLQWKH9HOLQR5LYHU9DOOH\&HQWUDO,WDO\KDV
WZR UHJLRQDOVFDOH NDUVW DTXLIHUV ZKLFK IHHG KLJKGLVFKDUJH






1( RI 5RPH LQ WKH 9HOLQR 5LYHU 9DOOH\ LV D PRUSKRORJLFDO
GHSUHVVLRQ WKDW PD\ EH GHILQHG DV DQ LQWUDPRQWDQH EDVLQ
&DYLQDWRDQG'H&HOOHV7KHEDVLQ OLHVEHWZHHQ WKH WZR
PDLQ 0HVR&HQR]RLF GHSRVLWLRQDO HQYLURQPHQWV RI WKH &HQWUDO
$SHQQLQHV WKH /DWLXP$EUX]]L FDUERQDWH SODWIRUP DQG WKH
8PEULD0DUFKH SHODJLF VHTXHQFH$ VHW RI11(66:WUHQGLQJ
IDXOWV SXWV WKH WZR HQYLURQPHQWV LQ FRQWDFW ZLWK HDFK RWKHU
7KHVH IDXOWV RFFXUULQJ RQ WKH QRUWKZHVWHUQ VORSH RI WKH3ODLQ
GHULYH IURP D FRPSUHVVLYH WHFWRQLF VWDJH RI WKH $SHQQLQH
RURJHQHVLV %LJL HW DO  ,Q 3OHLVWRFHQH WLPHV GRPLQDQWO\
H[WHQVLRQDO WHFWRQLF SURFHVVHV GRZQWKUHZ WKH ORFDO FDUERQDWHV
WRZDUGV 1:6( 1(6: DQG 16 7KH 3ODLQ ZDV ILOOHG E\
DOOXYLDO IOXYLRODFXVWULQH WUDYHUWLQH DQG VFUHH GHSRVLWV ZLWK





LV KRPH WRPDMRU UHJLRQDO DTXLIHUVZKLFK DUH UHFKDUJHG E\ WKH
FDUERQDWH SODWIRUP RXWFURSSLQJ RQ WKH 6( VORSH RI WKH 3ODLQ
%RQL HW DO  %RQL HW DO  +LJKGLVFKDUJH SLHGPRQW




3HUPHDELOLW\ YDULDWLRQV LQ WKH DOOXYLDO GHSRVLWV LQGXFH
VHHSDJHIURPWKHVRXWKHDVWHUQUHJLRQDONDUVWDTXLIHUWRZDUGVWKH
VWUHDPEHG VSULQJV ORFDWHG RQ WKH QRUWKHUQ VLGH $Q DGGLWLRQDO
IDFWRUWULJJHULQJJURXQGZDWHUIORZWRZDUGV11:LVUHSUHVHQWHG
E\ WKHPRVWO\ JDVHRXV IOXLGVZKLFK XSZHOO DORQJ UHFHQW DQGRU
DFWLYH WHFWRQLF OLQHV ,Q WKH 3ODLQ D ODUJH QXPEHU RI VLQNKROHV
WHVWLILHV WKH LQWHUDFWLRQ EHWZHHQ JURXQGZDWHU H[WHQVLRQDO IDXOWV
DQG GHHS IOXLGV XSZHOOLQJ &DSHOOL HW DO  6DOYDWL DQG
6DVRZVN\  7KHVH IOXLGV DUH PDLQO\ FRPSRVHG RI FDUERQ
GLR[LGH ZKLFK DFWV DV D FDUULHU RI+6 &+1++H DQG5Q
JDVHV&LRWROLHWDO
7KHHQGUHVXOWLVDODUJHQXPEHURIVSULQJVZLWKYHU\GLIIHUHQW
K\GURFKHPLFDO FKDUDFWHULVWLFV GHSHQGLQJRQRULJLQ IURP WKH6(
NDUVW DTXLIHU RU IURP WKH QRUWKHUQ RQH ZDWHU FLUFXODWLRQ LQ WKH
3ODLQGHSRVLWVDQGPL[LQJZLWKXSZHOOLQJGHHSIOXLGV

)LJXUH  +\GURJHRORJLFDO VHWWLQJ RI WKH 69LWWRULQR 3ODLQ
 QRUWKHUQ DTXLIHU  WUDYHUWLQH  RYHUWKUXVW
K\GURJHRORJLFDOXQLW  VRXWKHUQDTXLIHU 3ODLQDTXLIHU 







ZHOO DV RI WKH IUDFWXUH QHWZRUN DORQJ WKH DTXLIHU ERUGHU ZDV
FRQGXFWHGIURPWRILJ
7KH 3ODLQ KRVWV PRUH WKDQ  VSULQJV 7KHLU GLVFKDUJH DQG
PDLQSDUDPHWHUV HOHFWULFDO FRQGXFWLYLW\ WHPSHUDWXUHS+ZHUH
PHDVXUHG LQ GLIIHUHQW VHDVRQV 'LVFKDUJH ZDV PRQLWRUHG LQ WKH
9HOLQR5LYHUDQGLWVWULEXWDULHVLQRUGHUWRDVVHVVWKHFRQWULEXWLRQ
RIVWUHDPEHGVSULQJV%RQLHWDO&DSHOOLHWDO
%DVHG RQ WKH ILQGLQJV IURP K\GURJHRORJLFDO DQDO\VHV 
K\GURFKHPLFDO DQDO\VHV ZHUH FDUULHG RXW RQ DV PDQ\ VSULQJV
ILJ7KH VSULQJVZHUH VHOHFWHG LQ VXFKDZD\DV WR UHSUHVHQW
WKHZLGHVWSRVVLEOHUDQJHRIFRQGLWLRQVLQWHUPVRIERWKW\SRORJ\
FRQWDFW ZLWK WKH FDUERQDWH DTXLIHU JDVHV IUDFWXUHV HWF DQG
YDULDELOLW\RIWKHLUSK\VLFRFKHPLFDOSDUDPHWHUV
)LQDOO\ WKH JHRORJLFDOVWUXFWXUDO IHDWXUHV RI WKH QRUWKHUQ
ERUGHU RI WKH 3ODLQ ZHUH LQYHVWLJDWHG LQ GHWDLO WKDQNV WR VL[
JHRPHFKDQLFDOVWDWLRQVWDE












VLOWDQGFOD\ 1:6( (: DEVHQW 1:6( 16 (:
ZLGWKFP   !   

7DEOH  )UDFWXUH SDWWHUQV DORQJ WKH QRUWKHUQ ERUGHU RI WKH
3ODLQ7KHVLWHFRGHUHIHUVWRILJ






GLIIHUHQW DQG FOHDUO\ DIIHFWHG E\ GHHS JDV XSZHOOLQJ )LQDOO\
RWKHU ORZHUGLVFKDUJHVSULQJV ORFDWHGDORQJWKHWHFWRQLFERUGHU
DSSHDUHGWREHXQUHODWHGWRIUDFWXUHOLQHV
$ FRPSDUDWLYH H[DPLQDWLRQ RI IUDFWXUH GLUHFWLRQV QHDU WKH
VSULQJV VKRZHG WKDW L LQ ]RQHVZKHUH IUDFWXUHV DUHGRPLQDQWO\
16 DQG 1(6:WUHQGLQJ ZDWHUV KDYH ORZHU VDOLQLW\ DQG WKHLU
FKHPLVWU\ LV W\SLFDO RI NDUVW DTXLIHUV FRQYHUVHO\ LL LQ ]RQHV
ZKHUH IUDFWXUHV DUH (: DQG 1:6(WUHQGLQJ ZDWHUV KDYH D
PXFKKLJKHUVDOWFRQWHQWDQGWKHLUFKHPLVWU\LVVXUHO\DIIHFWHGE\
GHHS JDV XSZHOOLQJ $OVR WKH W\SH RI ILOOV DQG WKH ZLGWK RI
IUDFWXUHV GHPRQVWUDWHG WR KDYH DQ LPSDFW RQ WKH IHDWXUHVRI WKH
VSULQJZDWHUV VLOW\FOD\H\ ILOOVDQGVPDOOHUZLGWK FPFODVV
DUHPRUH IUHTXHQWDORQJ(:DQG1:6(IUDFWXUHVZKLFK WKXV
FRUUHVSRQG WR KLJKVDOLQLW\ VSULQJV%\ FRQWUDVW DORQJ16 DQG


























7KH ILQGLQJV IURP K\GURJHRORJLFDO K\GURJHRFKHPLFDO DQG
IUDFWXUHQHWZRUNVXUYH\VDORQJWKHQRUWKHUQDTXLIHUERUGHURIWKH
69LWWRULQR 3ODLQ VKRZ WKH GRPLQDQFH RI NDUVW JURXQGZDWHU LQ
]RQHVZKHUH IUDFWXUHV DQG IDXOWV DUH16 DQG1(6:RULHQWHG
WKXVHDVLQJWKHIORZIURPWKHQRUWKHUQNDUVWDTXLIHUWRWKHERUGHU
VSULQJV,QIDFWJURXQGZDWHUIORZSDWKVLQWKHNDUVWDTXLIHUKDYH
WKH VDPH GLUHFWLRQV DV WKRVH RI IUDFWXUHV DQG IDXOWV ,Q ]RQHV
ZKHUH(:DQG1:6(IUDFWXUHVSUHYDLOJURXQGZDWHUIORZIURP
WKH QRUWKHUQ NDUVW DTXLIHU LV SUHYHQWHG DQG WKH VSULQJ
K\GURFKHPLVWU\LVFOHDUO\LQIOXHQFHGE\GHHSJDVOHDNDJH
7KHVHILQGLQJVVXJJHVWWKHIROORZLQJUHPDUNV
 LQ WKHNDUVW DTXLIHU GLVFKDUJH]RQHV VSULQJ ORFDWLRQ LV
LQIOXHQFHG E\ WKH IUDFWXUH SDWWHUQ DQG LQ VRPH FDVHV VSULQJ
GLVFKDUJHLVUHODWHGWRWKHW\SHRIIUDFWXUHV




JURXQGZDWHU IORZ IURP WKH NDUVW DTXLIHUV JLYHV ULVH WR D QRQ
UDQGRPGLVWULEXWLRQRIVSULQJVDORQJWKHDTXLIHUERUGHU
 WKH FKHPLVWU\ RI ZDWHUV VWURQJO\ DIIHFWHG E\ GHHS IOXLG
XSZHOOLQJDORQJ WKHXQFRQIRUPLWLHVERUGHULQJ WKH3ODLQHQDEOHV
WRGLVWLQJXLVKWKHLURULJLQIDLUO\HDVLO\
,QFRQFOXVLRQ LQDFRPSOH[K\GURJHRORJLFDOVHWWLQJ OLNH WKH
LQYHVWLJDWHG RQH VSULQJ GLVWULEXWLRQ DORQJ WKH ERUGHU RI WKH
DTXLIHU LV KLJKO\ LQIOXHQFHG E\ WKH ORFDWLRQ RI WKH PDLQ
XQFRQIRUPLW\ OLQHVDV LWFRPPRQO\RFFXUVLQNDUVWDTXLIHUVEXW
DOVR E\ WKHLU RULHQWDWLRQ ,Q WHFWRQLFDOO\ DFWLYH ]RQHV VXFK
LQIOXHQFHPD\EHPRUHHDVLO\LGHQWLILHGWKDQNVWRWKHSUHVHQFHRI
JURXQGZDWHUZLWK DEQRUPDO FKHPLVWU\ FOHDUO\ DIIHFWHG E\ GHHS
JDVXSZHOOLQJ













&DSHOOL * 3HWLWWD 0 6DOYDWL 5  5HODWLRQVKLS EHWZHHQ
FDWDVWURSKLFVXEVLGHQFHKD]DUGVDQGJURXQGZDWHULQWKH9HOLQR
9DOOH\ &HQWUDO ,WDO\ ,Q &DUERJQLQ / HG 3URFHHGLQJV WK
,QWHUQ6\PSRVLXPRQ/DQG6XEVLGHQFH5DYHQQD
&DYLQDWR *3 'H &HOOHV 3*  ([WHQVLRQDO EDVLQV LQ WKH




GL 69LWWRULQR VWXGL JHRORJLFL JHRPRUIRORJLFL JHRILVLFL H
JHRFKLPLFL0HP6RF*HRO,W
&LRWROL * *XHUUD 0 /RPEDUGL 6 9LWWRUL (  6RLO JDV
VXUYH\IRUWUDFLQJVHLVPRJHQLFIDXOWVDFDVHVWXG\LQWKH)XFLQR
EDVLQ&HQWUDO,WDO\-*HRSK5HV
)DFFHQQD & )ORULQGR ) )XQLFLHOOR 5 /RPEDUGL 6 
7HFWRQLF VHWWLQJ DQG VLQNKROH IHDWXUHV FDVH KLVWRULHV IURP
ZHVWHUQ&HQWUDO,WDO\4XDWHUQDU\3URFHHGLQJV
3HWLWWD 0 7DOOLQL 0  *URXQGZDWHU YXOQHUDELOLW\
DVVHVVPHQW DW WKH WHFWRQLF ERXQGDU\ RI D NDUVW DTXLIHU
/
$TXLOD6FRSSLWR3ODLQ&HQWUDO,WDO\,Q0XGU\-=ZDKOHQ















$ E V W U D F W   ,QVRPHVDQGVWRQHDTXLIHUVLWDSSHDUVWKDWILVVXUHVDUHLPSRUWDQWIRUFDUU\LQJIORZLQWRZHOOVEXWDUHQRWLPSRUWDQWLQ











79 DQG JHRSK\VLFDO ORJV WKDW ILVVXUHIORZ LV LPSRUWDQW LQ WKH
IORZ RI JURXQGZDWHU LQWR ERUHKROHV 7KLV LPSOLHV WKDW ILVVXUHV





,Q FRPELQDWLRQ WKHVH REVHUYDWLRQV VXJJHVW WKDW ILVVXUHV DUH
SUHVHQW EXW QRW LQWHUFRQQHFWHG WR IRUP UHJLRQDOO\ WUDQVPLVVLYH
V\VWHPV 3UHYLRXV ZRUN 3ULFH  KDV LQGLFDWHG WKDW VRPH
ILVVXUHVDUHRI OLPLWHGH[WHQWDURXQG WKHERUHKROHV WKLVKHOSV WR
H[SODLQ ZK\ ILVVXUHV ZLWK ODUJH DSHUWXUHV KDYH UHODWLYHO\ ORZ
PHDVXUHGWUDQVPLVVLYLWLHV3ULFH
7KLV OHDGVWRWKHTXHVWLRQKRZFDQLVRODWHGILVVXUHVIRUPLQ
VDQGVWRQH" , VXJJHVW WKDW VRPH DW OHDVW RI WKH ILVVXUHV DUH
DUWLILFLDOSVHXGRNDUVWLFIHDWXUHVIRUPHGZKHQWKHERUHKROHVDUH
FRQVWUXFWHG RU SXPSHG WKH\ RULJLQDWH DV OD\HUV RU OHQVHV RI
SRRUO\FHPHQWHG VDQGVWRQH ZKLFK ZLOO EH UHIHUUHG WR DV
µLQFLSLHQWILVVXUHV¶6DQGIURPWKHVHLQFLSLHQWILVVXUHVPRYHVLQWR










7KH FRQFHSWXDO PRGHO XVHG DV WKH EDVLV IRU WKH FDOFXODWLRQV LV
VKRZQ LQ )LJ 5DGLDO GLVWDQFHV DUH PHDVXUHG IURP WKH
FHQWUHOLQHRIWKHZHOOU 2WKHUV\PEROVDUH
UZ  ZHOO UDGLXV UI   H[WHQW RI GHYHORSHG ILVVXUH5 RXWHU










7KH QXPHULFDO PRGHO XVHG KHUH LV D PHVKFHQWUHG ILQLWH
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 VDQGVWRQH.K PGD\ 

















0RGHOV KDYH WKHUHIRUH EHHQ UXQ ZLWK YDOXHV RI UZ RI 
LQILQLWHVLPDO GLDPHWHU DQGP WR FRYHU WKHFRPSOHWH UDQJH
7KHPRGHOGHVFULEHGKHUHKDVUZ 5 PDQGFRQVLGHUVD
OD\HU RI P LQ WKLFNQHVV ZLWK D KRUL]RQWDO ZHDNO\FHPHQWHG
OD\HUWKHLQFLSLHQWILVVXUHPLQWKLFNQHVVDWPGHSWK7KH
VDQGVWRQHKDVKRUL]RQWDOK\GUDXOLFFRQGXFWLYLW\.KDVLQGLFDWHG
LQ )LJ 7KH KHDG DW WKH GRPDLQ ERXQGDU\ U P LV P
3XPSLQJORZHUVWKHKHDGLQWKHZHOOWRP:KHQWKLVKDSSHQV
WKH KHDG GLVWULEXWLRQ LQ WKH VDQGVWRQH ZLOO EH DV VKRZQ E\ WKH
EURNHQOLQHLQ)LJ
7KH VWHHS K\GUDXOLF JUDGLHQW LPPHGLDWHO\ DURXQG WKH ZHOO
PHDQVWKDWWKHUHZLOOEHDODUJHVHHSDJHIRUFHDFWLQJRQWKHVDQG
JUDLQV LPPHGLDWHO\ EHKLQG WKH ZHOO IDFH ,Q WKH FHPHQWHG
VDQGVWRQHWKHVWUHQJWKRIWKHFHPHQWZLOOXVXDOO\EHVXIILFLHQWWR
UHVLVWWKLVIRUFHEXWLQWKHLQFLSLHQWILVVXUHWKHZHDNO\FHPHQWHG
JUDLQVZLOO EH FDUULHG LQWR WKHZHOO7KLVZLOO UHVXOW LQ D ILVVXUH




H[DPSOH 3ULFH HW DO  IRU DQ RSHQLQJ RI P LW
FRUUHVSRQGV WRD.KYDOXHRIPGD\ WKHYDOXHXVHG LQ WKH
PRGHOIRUWKHGHYHORSHGSRUWLRQRIWKHILVVXUH
,I WKH ZHDNO\FHPHQWHG PDWHULDO LQ WKH LQFLSLHQW ILVVXUH LV
XQLIRUPDQGWKHIORZILHOGLVXQLIRUPWRWKHZHOOWKHILVVXUHZLOO
GHYHORS DV D GLVF $V WKH ILVVXUH EHJLQV WR GHYHORS WKH KHDG
GLVWULEXWLRQ ZLOO FKDQJH ZLWK WKH KHDG DORQJ WKH LQFLSLHQW
ILVVXUHGHYHORSHGILVVXUHWDNLQJRQWKHGLVWULEXWLRQLOOXVWUDWHGE\
WKHVROLGOLQHLQ)LJZKHUHWKHILVVXUHKDVGHYHORSHGWRDUDGLXV
RI P 1RZ WKH VWHHSHVW K\GUDXOLF JUDGLHQW RFFXUV DW WKH
SHULSKHU\RIWKHGHYHORSHGSRUWLRQRIWKHILVVXUHDQGWKHVHHSDJH
IRUFH ZLOO EH SXVKLQJ JUDLQV LQWR WKH ILVVXUH DQG WKHQ LQWR WKH
ZHOO 7KLV ZLOO FDXVH WKH ILVVXUH WR FRQWLQXH WR GHYHORS IXUWKHU
DZD\ IURP WKH ZHOO DV ORQJ DV WKH K\GUDXOLF JUDGLHQW DW WKH
ILVVXUH SHULSKHU\ LV JUHDW HQRXJK WR FUHDWH VXIILFLHQW VHHSDJH
IRUFH $V WKH KHDG ORVV DORQJ WKH ILVVXUH LV UHODWLYHO\
LQVLJQLILFDQWWKLVVHHSDJHIRUFHLVOLNHO\WRSHUVLVWZKLOHWKHKHDG




















WKH ZHOO ZLOO EHFRPH PRUH HIILFLHQW GHYHORSLQJ ZKDW WKH RLO
LQGXVWU\ UHIHUV WR DV D QHJDWLYH VNLQ HIIHFW DQG WKH VSHFLILF
FDSDFLW\ZLOO LQFUHDVH,I WKHZHOO LVEHLQJSXPSHGDWDFRQVWDQW
UDWHWKHGUDZGRZQLQWKHZHOOZLOOUHGXFHWKHK\GUDXOLFJUDGLHQW
ZLOO OHVVHQ DQG WKH VHHSDJH IRUFH ZLOO HYHQWXDOO\ EHFRPH
LQVXIILFLHQW WR GHYHORS WKH ILVVXUH IXUWKHU 7KH GHFUHDVH LQ
GUDZGRZQ WKDW ZLOO RFFXU LQ D ZHOO RI LQILQLWHVLPDO GLDPHWHU
EHLQJSXPSHGDWDUDWHRIOLWUHVVLVVKRZQLQ)LJ
,I WKHSXPSLQJUDWH LV LQFUHDVHG WKHQ WKHK\GUDXOLFJUDGLHQW
ZLOO LQFUHDVH DJDLQ DQG WKH ILVVXUH ZLOO GHYHORS IXUWKHU 7KH
UHPRYDO RI VDQG IURP WKH GHYHORSLQJ ILVVXUH LV VHHQ DV VDQG
SURGXFWLRQ DV WKHZHOO LV ILUVW SXPSHG$V ILVVXUH GHYHORSPHQW


















,Q UHDOLW\ WKHUH ZLOO EH VHYHUDO SHUKDSV PDQ\ ILVVXUHV
GHYHORSLQJ DV WKH ZHOO LV ILUVW SXPSHG DQG WKHLU HYHQWXDO
GHYHORSHG H[WHQW ZLOO GHSHQG RQ D FRPELQDWLRQ RI IDFWRUV
LQFOXGLQJ WKH H[WHQW RI ZHDNO\FHPHQWHG OD\HUV RU OHQVHV 7KH
DFWLRQ RI GULOOLQJ WKH ZHOO HVSHFLDOO\ LI DQ DLUIOXVK V\VWHP LV







IURP WKH DTXLIHU DQG FDUU\LQJ LW LQWR ZHOOV ZLWKRXW EHLQJ
LQYROYHG LQ UHJLRQDO IORZ 7KHVH ILVVXUHV DUH RI OLPLWHG H[WHQW
DURXQGZHOOV7KHSUHVHQFHRIWKHVHDSSDUHQWO\LVRODWHGYRLGVFDQ
EHH[SODLQHGE\ WKH IDFW WKDW WKH\DUHDUWLILFLDO IHDWXUHV FUHDWHG
E\ WKH GULOOLQJ DQG SXPSLQJ RI WKH ZHOO 7KH\ ZLOO GHYHORS
DURXQGWKHZHOO:KHQWKH\FROOHFWVXIILFLHQWZDWHUWRUHGXFHWKH
GUDZGRZQ WKH JUDGLHQWV DQG VHHSDJH IRUFHV WKDW OHG WR WKHLU
GHYHORSPHQWZLOO EH UHGXFHG VR WKDW WKHLU JURZWK LV HIIHFWLYHO\
VHOIOLPLWLQJ7KXVWKHSUHVHQFHRIILVVXUHVDURXQGSURGXFWLRQDQG








GRXEOHSRURVLW\ DTXLIHUV XVLQJ GDWD IURPSDFNHU WHVWV )XWXUH
JURXQGZDWHU UHVRXUFHV DW ULVN ,QWHUQDWLRQDO $VVRFLDWLRQ RI
+\GURORJLFDO6FLHQFHV3XEOLFDWLRQ1R
3ULFH 0 0RUULV %/ 5REHUWVRQ $6  $ VWXG\ RI
LQWHUJUDQXODU DQG ILVVXUH SHUPHDELOLW\ LQ &KDON DQG 3HUPLDQ



















$ E V W U D F W   7KLVSDSHUSUHVHQWVWKHPHWKRGRORJLFDOIUDPHZRUNIRUGHYHORSLQJD&RQFHSWXDO+\GURJHRORJLFDO0RGHO&+0LQD
IUDFWXUHGEHGURFNIRUPDWLRQ$FDVHVWXG\H[HPSOLILHVWKHV\QWKHVLVRISULPDU\GDWDWKDWLQFOXGHVWKHJHRORJ\JHRSK\VLFVK\GURORJ\






D PHWDPRUSKLF IUDFWXUHG EHGURFN IRUPDWLRQ FRQWDPLQDWHG ZLWK
FKORULQDWHGVROYHQWV7KHVLWHLVORFDWHGLQ3RUWVPRXWK1+86$
7KH &+0 ZDV GHYHORSHG E\ LQWHJUDWLQJ LQIRUPDWLRQ RQ WKH
JHRORJ\JHRSK\VLFVK\GURORJ\DQGK\GUDXOLFVRIWKHVLWH
*HRORJLF GDWD LQFOXGHG LQIRUPDWLRQ RQ VWUDWLJUDSKLF VHWWLQJ
PLQHUDORJ\ VWUXFWXUDO JHRORJ\ DQG GULOOLQJ FRUHV DQDO\VLV
LQFOXGLQJPLFURVFRSLF VWXGLHV RI WKLQVHFWLRQV )LYH ERUHKROHV
ZHUH GULOOHG GRZQ WR IUDFWXUHGEHGURFN VWUDWD DQG FRPSOHWHO\
FRUHGHLJKWUHDOWLPHGULOOLQJSDUDPHWHUVLQFOXGLQJLQSXWRXWSXW
GULOOLQJZDWHUIORZDQGGULOOUDWHZHUHUHFRUGHGDWWKUHHRIWKHVH
ERUHKROHV &RQYHQWLRQDO ERUHKROHJHRSK\VLFV DFRXVWLF
WHOHYLHZHU RSWLFDO WHOHYLHZHU DQG RPQLGLUHFWLRQDO UDGDU ORJV
ZHUHREWDLQHGIRUDOO'ULOOHG:HOOV':*HRSK\VLFDOORJVZHUH
WKH EDVLF WRRO WR GHILQH WKH ': GHSWK LQWHUYDOV WR LVRODWH IRU
+\GUDXOLF7HVWLQJ+7
+\GURORJLF LQSXWV LQFOXGHG VWDWLVWLFDO FRUUHODWLRQ EHWZHHQ
DWPRVSKHULF SUHVVXUH FKDQJHV UDLQIDOO DQG WHPSHUDWXUH
PHWHRURORJLFDO UHFRUGV DQG XS WR WZR\HDUV UHFRUGV RI ZDWHU















/DUJH 'LVSODFHPHQW 6OXJ 7HVWV /'67 3XOLGR6LOYD HW DO
 +7 UHVXOWV ZHUH LQWHUSUHWHG ZLWK WKH DQDO\WLFDO
KRPRJHQHRXV PRGHOV ZLGHO\ DFFHSWHG LQ OLWHUDWXUH 0DUVLO\
 DQG ZLWK QXPHULFDOKHWHURJHQHRXV PRGHOV FRGHG LQ WKH
+\7HVWV VRIWZDUH 3XOLGR6LOYDHWDO )LJ ,QDGGLWLRQ
WRDVVHVVK\GUDXOLFDOO\FRQQHFWHGIUDFWXUHV':DQG0:ZDWHU

























)LJXUH  +\GUDXOLF FRQGXFWLYLW\ SURILOH IRU ZHOO %%& 67
DQDO\]HG E\ &RRSHU PHWKRG 37 DQDO\]HG E\ +\7HVWV
KRPRJHQHRXVPRGHO



































)LJXUH  :DWHU OHYHO FKDQJHV DW ZHOOV %%& IUDFWXUHG




7KH &+0 LQFOXGHV LGHQWLILFDWLRQ DQG LQWHUDFWLRQ RI
K\GURJHRORJLFDO XQLWV UHFKDUJH PHFKDQLVPV K\GURJHRORJLFDO
SDUDPHWHUV HVWLPDWLRQ DQG GHOLQHDWLRQ RI K\GUDXOLFDOO\
LQWHUFRQQHFWHGIUDFWXUHSDWKV&XUUHQWO\ WKH&+0LVEHLQJXVHG
WR GHYHORS D PDWKHPDWLFDO K\GURJHRORJLFDO PRGHO IRU WKH VLWH








3XOLGR±6LOYD * %DOOHVWHUR 73 .LQQHU 1( D /DUJH






















PXOWLYDULDWH EHFDXVH RI LWV UHODWLRQ WR WRSRJUDSK\ GHSWK DQG
H[WHQWRIZHDWKHUHGPDWHULDORYHUO\LQJXQZHDWKHUHGEHGURFNDQG
EHFDXVH RI WKH VL]H QDWXUH GHQVLW\ RULHQWDWLRQ DQG
LQWHUFRQQHFWLRQ RI MRLQWV DQG IDXOWV +HQFH PXOWLGLVFLSOLQDU\
VXUYH\V DUH QHFHVVDU\ WR XQGHUVWDQG WKH SDUW SOD\HG E\ WKHVH
IHDWXUHV LQ JURXQGZDWHU RFFXUUHQFH$V D UHVXOW H[SORUDWLRQ IRU
JURXQGZDWHU LQ D KDUGURFN WHUUDLQ KDV SURYHG WR EH FRPSOH[
0RGHUQ WHFKQRORJLHV VXFK DV UHPRWH VHQVLQJ IRU VWXG\LQJ
JHRORJLFDO VWUXFWXUDO DQG JHRPRUSKRORJLFDO FRQGLWLRQV DORQJ
ZLWKFRQYHQWLRQDOVXUYH\VFDQEHKLJKO\KHOSIXO LQGHWHUPLQLQJ
WKH QDWXUH RI IUDFWXUHV RSHQ RU FORVHG DQG WKHLU SDWWHUQ RYHU
ODUJHDUHDV ,Q WKHKDUG URFN WHUUDLQ)UDFWXUHVDQGG\NHVSOD\D
PDMRU UROH LQ JURXQGZDWHU RFFXUUHQFH DQG PRYHPHQW $
SDUWLFXODU )UDFWXUH SDWWHUQ GHYHORSPHQW LQGLFDWHV D SDUWLFXODU
GHIRUPDWLRQSHULRG DQGRQ LWV VWUHVV UHJLPH ,QWUXVLYHERGLHVRI
GROHULWH G\NHV DUH WKH ]RQHV RI ROGHU IUDFWXUH ]RQHV 6R
XQGHUVWDQG WKHGLIIHUHQW VWUHVV UHJLPHVDQGUXSWXUDOGHIRUPDWLRQ
SHULRGWKHLQWHJUDWHGDQDO\VLVRIIUDFWXUHVDQGG\NHVLVFRQGXFWHG
DQGLGHQWLILHGWKHGLUHFWLRQRIRSHQWHQVLOHIUDFWXUHVWKDWDUHPRUH
IDYRXUDEOH ]RQHV IRU JURXQGZDWHU RFFXUUHQFH LQ XSSHU 3RQQDL
ULYHUEDVLQZKLFKSUHVHQWVLQGURXJKWSURQH5D\DODVHHPDUHJLRQ







,QGLDQ 5HPRWH VHQVLQJ VDWHOOLWH ,56 ' /,66 ,,, GDWD RI )&&
3DWK	5RZGDWHG$35LVYLVXDOO\LQWHUSUHWHG
IRU JHRORJLFDO VWUXFWXUDO JHRPRUSKRORJLFDO DQG
K\GURJHRPRUSKRORJLFDO VWXGLHV DQG ILHOG FKHFNV DUH FRQGXFWHG
*HRORJLFDOO\ WKH VWXG\ DUHD LV XQGHUOLQHG E\ $UFKDHDQ JUDQLWLF
JQHLVVHV LQWUXVLYH ERGLHV LH GROHULWH G\NHV SHJPDWLWH YHLQV
DQG TXDUW] YHLQV DQG UHFHQW DJH RI DOOXYLXP GHSRVLWV
*HRPRUSKRORJLFDOO\ WKH VWXG\ DUHD KDV EHHQ FODVVLILHG DV
'HQXGDWLRQDOKLOO'+5HVLGXDOKLOO5+'RPHPDVVLYH'P
,QVHOEHUJ ,3HGLPHQW ,QVHOEHUJ&RPSOH[ 3,&3HGLPHQW 3
6KDOORZ ZHDWKHUHG 3HGHSODLQ 336 0RGHUDWHO\ :HDWKHUHG
3HGLSODLQ330'HHSO\ZHDWKHUHG3HGLSODLQ33'9DOOH\ILOOV
9) 6WUXFWXUDO 9DOOH\ 69 DQG $OOXYLDO 3ODLQ $3 7KH
SUHGRPLQDQWWUHQGVRIWKHIUDFWXUHVDUH(1(:6:DQG1:6(
PLQRUWUHQGVDUH1(6:16DQG(:0DMRUWUHQGRIG\NHVLV
LQ (1(:6: (: 1:6( DQG 16 GLUHFWLRQV *URXQGZDWHU
SRWHQWLDO ]RQHV DUH LGHQWLILHG E\ LQWHJUDWLQJ WKH JHRORJLFDO
VWUXFWXUDO JHRPRUSKRORJLFDO K\GURJHRORJLFDO DQG K\GURORJLFDO
DQG VORSHGDWD6XLWDEOH VLWHV IRU UDLQZDWHUKDUYHVWLQJVWUXFWXUHV


















$ E V W U D F W  6DOGRUDQIUDFWXUHGNDUVWLFDTXLIHULVORFDWHGLQWKH=DJURVWKUXVWHG]RQHKLJK=DJURVZKLFKLVLQWKHZHVWHUQSDUWRI
,UDQ ,Q DGGLWLRQ WR UHPDUNDEOH SUHFLSLWDWLRQ SUHVHQFH RI IUDFWXUHV DQG ILVVXUHV DQG FROG GU\ FOLPDWH RI WKH DUHD DUH SURYLGLQJ
DSSURSULDWHFRQGLWLRQVIRUNDUVWLILFDWLRQ)RUPRISUHFLSLWDWLRQVQRZWKHODFNRIFRQVLGHUDEOHUXQRIILQVXUIDFHFDWFKPHQWDUHDUDSLG



















FRQGLWLRQV IRU NDUVWLILFDWLRQ 7KH JUHDWHU SDUW RI DQQXDO
SUHFLSLWDWLRQ LV LQ WKH IRUP RI VQRZ ZKLFK IDOOV LQ ZLQWHU DQG






*HRORJLF IRUPDWLRQVRI WKLV DQWLFOLQH LQGHFUHDVLQJRUGHURI DJH
DUH WKH 6DUYDN OLPHVWRQH $OELDQ7XURQLDQ 3DEGH*XUSLPDUOV















URFN DORQJ WKH IDXOWV ZH FDQ GLVWLQJXLVK EURNHQ DQG ILVVXUHG
]RQHV7KHVH]RQHVDUHYHU\SHUPHDEOHDQGZDWHUIORZVDURXQG
DORQJDQGWKURXJKWKHVH]RQHV7KHOLPHVWRQHDQGGRORPLWHVWUDWD





7KH PDLQ GLVFKDUJH SRLQW LQ WKH QRUWKHUQ IODQN RI 6DOGRUDQ
DQWLFOLQH LV 3LUH*KDU VSULQJ ZLWKPDLQ GLVFKDUJH PV ,Q









E\ FRQGXLW IORZ 6WXG\ RI WKH VWUXFWXUDO IHDWXUHV LQ DGGLWLRQ WR
SK\VLRFKHPLFDOFKDUDFWHULVWLFVRIVSULQJZDWHUSURYHVWKHW\SHRI
IORZUHJLPHWREHRIWKHNLQGRIFRQGXLWIORZWRR
)RUPRISUHFLSLWDWLRQ WKH ODFNRI FRQVLGHUDEOH UXQRII UDSLG
UHVSRQVH RI V\VWHP WR UHFKDUJH WXUELGLW\ RI WKH VSULQJ ZDWHU
GXULQJWKHSHDNRIGLVFKDUJHDQGSK\VLRFKHPLFDODQDO\VLVUHVXOWV
DOVR VKRZ WKDW VWUXFWXUDO IDFWRUV ZKLFK FRQGXFW WKH UDLQ DQG
VQRZPHOW ZDWHU LQWR WKH DTXLIHU FDQ SURYLGH D VXLWDEOH
XQGHUJURXQG IORZ SDWK LQ WKLV VKDOORZ NDUVWLF V\VWHP
)XUWKHUPRUH LW VHHPV WKDW WKH &KDO1DPDG IDXOW DFURVV WKH
DQWLFOLQHD[LVFRQWUROV WKHHPHUJLQJRI WKH3LUH*KDUVSULQJ ,Q







$]L]]DGHK 0  7KH UROH RI EDVLF IUDFWXUHV RI =DJURV LQ
NDUVWLF DTXLIHUV EDODQFH $Q DQDO\VLV RI *KDWDU .D]HURRQ
IUDFWXUH V\VWHP )LUVW ,UDQLDQ JHRORJLFDO DQG LQYLURQPHQWDO
FRQIHUHQFH7HKUDQ,UDQ
)D]HOL $ 'HKJKDQ 5 %DUDGDUDQ $  .DUVW VWXG\ DQG LWV
SUREOHPV LQ UHODWLRQ WR 7KLUG .RXKUDQJ 7XQQHO 6HFRQG
LQWHUQDWLRQDONDUVWV\PSRVLXP7HKUDQ,UDQ
5DHLVVL()DUKRXGL* -DKDQL+ 7KHHIIHFWRI VWUXFWXUDO
IHDWXUHV RQ JURXQGZDWHU IORZ LQ IROGHG NDUVWLF WHUUDLQV
,QWHUQDWLRQDOV\PSRVLXPRQZDWHUUHVRXUFHVLQNDUVWZLWKVHFLDO
HPSKDVLVLQDULGDQGVHPLDULG]RQHV6KLUD],UDQ
6FDQORQ %3  3K\VLFDO FRQWUROV RQ K\GURFKHPLFDO
YDULDELOLW\ LQ WKH ,QQHU %OXHJUDVV NDUVW UHJLRQ RI FHQWHUDO
.HQWXN\*URXQGZDWHU
=DPDQL $ $JKDDPLUL &  7KH DQDO\VLV RI IUDFWXUHV DQG
WKHLU UHODWLRQ WR NDUVWLILFDWLRQ LQ *DU DEG %DUPILURR] NDUVWLF


















$ E V W U D F W   $K\GURJHRORJLFDOFDVHVWXG\KDVEHHQFDUULHGRXWLQDKDUGURFNDUHDVRXWKRI2VOR7KHOLWKRORJ\FRPSULVHVGLIIHUHQW
3UHFDPEULDQJQHLVVHVDPSKLEROLWLFURFNVDQG3HUPLDQJUDQLWH)UDFWXUHVDUHPHDVXUHGLQWKHILHOGDQGRQDHULDOSKRWRV$OPRVW
GULOOHG ZHOOV DUH YLVLWHG DQG WKHZHOOV UHODWLRQ WR OLWKRORJ\ DQG IUDFWXUH GLUHFWLRQV KDV EHHQ H[DPLQHG 7KH VWXG\ VKRZV WKDW WKH
GLIIHUHQW3UHFDPEULDQJQHLVVHVDQGWKH3HUPLDQJUDQLWHKDYHPRUHRUOHVVLGHQWLFDO\LHOGVLQGULOOHGZHOOV7KHDPSKLEROLWLFURFNVDUH
FOHDUO\LQIHULRU7KHPDLQIUDFWXUHGLUHFWLRQVDUHEHOLHYHGWRKDYHGHYHORSHGLQD3UHFDPEULDQVWUHVVILHOGDQGODWHUUHDFWLYDWHGGXULQJ
WKH IRUPDWLRQRI WKH3HUPLDQ2VORJUDEHQ'ULOOHGZHOOVFRQQHFWHG WR WKH3HUPLDQUHDFWLYDWHG IUDFWXUHGLUHFWLRQVKDYHVLJQLILFDQWO\









DUHD VRXWK RI 2VOR 7KH OLWKRORJ\ FRPSULVHV GLIIHUHQW





DQG E\ VWHUHRVFRSLF LQWHUSUHWDWLRQ RI DHULDO SKRWRV$OPRVW 
GULOOHGZHOOVZLWKNQRZQGHSWK DQG\LHOG LV YLVLWHG LQ WKH ILHOG







3HUPLDQ ELRWLWH JUDQLWH RQ DYHUDJH DOO KDYH VLPLODU \LHOGV LQ
GULOOHGZHOOVF±/KSHUGULOOHGP7KHJUDQLWLFWRTXDUW]
GLRULWLF ELRWLWH JQHLVV LV WKH VXSHULRU 7KH JDEEURLF DQG
DPSKLEROLWLF URFNV KRZHYHU DUH FOHDUO\ LQIHULRU \LHOGLQJ F 
/KSHUGULOOHGP
7KH ILQHJUDLQHG OHSWLWLF JQHLVV VHHPHG WREH LQIHULRU WR WKH



















 %* $0 /( ** *4 %3
1XPEHURIZHOOV      
0HGLDQ \LHOG
/K
     
0HDQ\LHOG/K      
0HDQGHSWK      
0HDQ \LHOG SHU
GULOOHGP






)LJ VKRZV IUDFWXUH WUHQGV LQ WKH3UHFDPEULDQ URFNV7KH ULJKW
KDQG VLGH VKRZV IUDFWXUHV VXUYH\HG LQ WKH ILHOGZKLOH WKH
OHIW KDQG VLGH VKRZV  ODUJHU IUDFWXUHV WDNHQ IURP DHULDO
SKRWRJUDSKV
7KH3UHFDPEULDQURFNVKDYHGHYHORSHGDFRPSOLFDWHGSDWWHUQ
RI IUDFWXUH GLUHFWLRQV FRQQHFWHG WR GLIIHUHQW SHULRGV RI
GLVWXUEDQFHVXS WKURXJK WKH HDUWKVKLVWRU\7KHEHGURFNPDSRI
WKHDUHD+DJHVNRYDQG-RUGHVKRZVWKDWWKHHDUOLHUIROGHG
3UHFDPEULDQ URFNV KDYH EHHQ UHIROGHG LQ D UHODWLYHO\ ODWH
3UHFDPEULDQIROGLQJSKDVHDORQJIROGD[HVWUHQGLQJ:1:
7KHPDLQ IUDFWXUHGLUHFWLRQV1R1R±1RDQGF1
R ILJ DUH VXSSRVHG WR KDYH EHHQ FUHDWHG RU UHDFWLYDWHG
GXULQJ WKLV IROGLQJ SKDVH %DVHG RQ WKH RULHQWDWLRQ RI WKHVH




F R DQJHOV WR WKLV GLUHFWLRQ ([WHQVLRQDO IUDFWXUHV UHOLHI
IUDFWXUHVDUHGHYHORSHGSDUDOOHOWRWKHIROGD[HVDWULJKWDQJHOWR
WKH PD[LPXP VWUHVV GLUHFWLRQ %\ XVLQJ WKLV SULQFLSOH RQ WKH














7KH LQYHVWLJDWHG DUHD OLHV ZLWKLQ RU ERUGHUV WR WKH 3HUPLDQ
2VOR ULIW 7KXV WKH SUHVHQW IUDFWXUH SDWWHUQ LV VXSSRVHG WR EH
PDLQO\GHWHUPLQHGE\3HUPLDQGLVWXUEDQFHV
7KH 3HUPLDQ 2VOR ULIW ZKLFK LV UXQQLQJ LQ D QRUWKQRUWK
HDVWHUO\ GLUHFWLRQ ZDV IRUPHG E\ WHQVLRQDO IRUFHV GLUHFWHG
SHUSHQGLFXODU WR WKH ULIWV ORQJLWXGLQDO GLUHFWLRQ 7KH 3HUPLDQ
WHQVLRQDOIRUFHVZHUHWKXVGLUHFWHGSHUSHQGLFXODUWRWKHPD[LPXP
VWUHVVGLUHFWLRQRIWKHHDUOLHUGHVFULEHG3UHFDPEULDQVWUHVVILHOG
$V WHQVLRQKDV WKHRSSRVLWHHIIHFWRIFRPSUHVVLRQ WKHVDPH
IUDFWXUH V\VWHP ZLOO GHYHORS E\ D WHQVLRQ DORQJ 1 R DV E\
FRPSUHVVLRQDORQJ1R ,W LV WKHUHIRUH WREHH[SHFWHG WKDW WKH
3HUPLDQ ODWHUDO VSUHDG RI WKH FUXVW OHG WR D UHDFWLYDWLRQ RI WKH
ROGHU3UHFDPEULDQIUDFWXUHV\VWHP
7HQVLRQDO IUDFWXUHV DUH JHQHUDOO\ EHOLHYHG WR EH PRUH
SHUPHDEOH WKDQ VKHDU IUDFWXUHV 7KXV ZHOOV ORFDWHG E\ WKH
WHQVLRQDO DQG H[WHQVLRQDO IUDFWXUHV WUHQGLQJ 1 R DQG 1 R




7R WHVW WKH WKHRU\ WKDW WHQVLRQDO IUDFWXUHV JHQHUDOO\ DUH PRUH


















1R    
1R    
1R    
1R    
2WKHUV    

7DE VKRZV WKDW WKH KLJKHVW \LHOGV DUH REWDLQHG LQ WKH





SUREDEO\ FDXVHG E\ D FRPELQDWLRQ RIZHDN GHYHORSPHQW RI WKH
GLUHFWLRQ 1 R DQG WKH IDFW WKDW WKH GLUHFWLRQ 1 R LV D
SURQRXQFHG 3HUPLDQ IUDFWXUH GLUHFWLRQ 5DPEHUJ DQG /DUVHQ

)XUWKHUPRUH WKH WDEOH VKRZV WKDW ZHOOV GULOOHG DW RWKHU
IUDFWXUH GLUHFWLRQV WKDQ WKH DERYHPHQWLRQHG KDYH SURQRXQFHG
LQIHULRU\LHOGV
%\FRPSDULQJWKHPHDQ\LHOGSHUGULOOHGPLQWDEDQGLW
DOVR EHFRPHV HYLGHQW WKDW ZHOOV GULOOHG LQ DUHDV ZKHUH QR
IUDFWXUHVDUHREVHUYHGKDYHFRQVLGHUDEO\ORZHU\LHOGVWKDQWKRVH
GULOOHGDWIUDFWXUHVWUHQGLQJ1R1R1RDQG1R
)UDFWXUHV LQ WKH 3HUPLDQ ELRWLWH JUDQLWH DUH QRW HDVLO\
H[SODLQHG LQ WHUPV RI D VWUHVV V\VWHP 0RVW SUREDEO\ WKH\ DUH






+DJHVNRY % -RUGH .  'U¡EDN EHGURFN PDS  ,,
3UHOLPLQDU\HGLWLRQ*HRORJLFDO6XUYH\RI1RUZD\
5DPEHUJ,%/DUVHQ%77HFWRQRPDJPDWLF(YROXWLRQ,Q




















$ E V W U D F W   7KHVWXG\DUHDLVORFDWHGLQWKH,EHULDQ5DQJH1(RI6SDLQ=DUDJR]DSURYLQFH)URPWKHK\GURJHRORJLFDOSRLQWRI
YLHZ WKH3DODHR]RLFKDUGURFNVRI WKH$OJDLUpQDQG9LFRUW UDQJHVEHKDYH OLNHDQ LPSHUYLRXVERG\WKDWVHSDUDWHV WZRJUHDWDTXLIHU
XQLWVWKH³&DPSRGH&DULxHQD´8QLWWRWKH1(DQGWKH³'HSUHVLyQGH&DODWD\XG´8QLWWRWKH6:$OWKRXJKWKHVH3DODHR]RLFURFNV











WKH ,EHULDQ5DQJH 1(RI6SDLQEHWZHHQ WKH -DOyQDQG+XHUYD
ULYHUV WZRWULEXWDULHVWRWKH(EUR5LYHUE\LWVULJKWPDUJLQ7KH
VWXG\ DUHD LV QHDU  NP 7KH 3DODHR]RLF URFNV RI WKH DUHD
FRQVLVWRIVKDOHVVDQGVWRQHVDQGTXDUW]LWHVZKLFKIRUPWZRELJ
SDUDOOHO PRXQWDLQ UDQJHV WKH $OJDLUpQ UDQJH LWV KLJKHVW SHDN
EHLQJPDERYH WKH VHD OHYHODQG WKH9LFRUW UDQJH 
P
$OO SUHYLRXV UHJLRQDO K\GURJHRORJLFDO VWXGLHV KDYH
FRQVLGHUHG WKHVH 3DODHR]RLF RXWFURSV DV LPSHUYLRXV PDWHULDOV
GLYLGLQJ WZR LPSRUWDQW K\GURJHRORJLFDO XQLWV DTXLIHUV WKH
³&DPSRGH&DULxHQD´WRWKH1($XWKRULW\:DWHUDQGWKH











DQG ORZHU2UGRYLFLDQ VHGLPHQWDU\ URFNVZLWK IHZ 3UHFDPEULDQ
PHWDVHGLPHQWDU\URFNVDQGDVPDOORXWFURSRI3HUPLDQYROFDQLF
URFNV UK\RGDFLWHV $GGLWLRQDOO\ VRPH 0HVR]RLF FDUERQDWH
URFNV DV ZHOO DV 7HUWLDU\ DQG 4XDWHUQDU\ GHWULWDO GHSRVLWV DUH
SUHVHQW
7KH 3UHFDPEULDQ 3DUDFXHOORV *URXS FURS RXW LQ WKH VWXG\
DUHDFORVHWRWKHYLOODJHVRI(O)UDVQRDQG&RGRV,WLVFRPSRVHG
RIVFKLVWDQGOLWWOHVDQGVWRQH&DPEULDQURFNVDUHH[SRVHG6:RI
WKH *UtR 5LYHU LQ 1:6( WUHQGLQJ RXWFURSV 7KH EDVH RI WKH
/RZHU &DPEULDQ LV UHSUHVHQWHG E\ WKH  P WKLFN %iPEROD
)RUPDWLRQ FRPSRVHG RI ZKLWH TXDUW]LWH ZLWK VRPH VDQGVWRQH
DQG PLFURFRQJORPHUDWH 7KH RYHUO\LQJ  P WKLFN (PELG
)RUPDWLRQ FURSV RXW H[WHQVLYHO\ RQ WKH 9LFRUW UDQJH DQG LV
FRPSRVHG RI VDQGVWRQHV DQG VKDOHV 7KH UHVW RI WKH /RZHU
&DPEULDQXQLWV-DOyQ5LERWDDQG+XpUPHGDIRUPDWLRQVVXPXS
FDPLQWKLFNQHVVDQGDUHH[SRVHGLQVPDOORXWFURSVRIVKDOH
VDQGVWRQH GRORVWRQH DQG ZKLWH WR JUHHQLVK TXDUW]LWH /RZHU
2UGRYLFLDQ 7UHPDGRFLDQDQG$UHQLJLDQ URFNVDUHH[SRVHG1(
RI WKH *UtR 5LYHU 4XDUW]LWH VKDOH DQG VDQGVWRQH RI WKH
%RUUDFKyQ 'HUH 6DQWHG DQG $UPRULFDQ 4XDUW]LWH IRUPDWLRQV
VXPXSPLQWKLFNQHVV
7KH&DPEULDQ DQG2UGRYLFLDQRXWFURSV DUH VHSDUDWHGE\ DQ
LPSRUWDQW UHYHUVH IDXOW WKH 'DWRV IDXOW ZKLFK UXQV WKURXJKRXW






)RU WKH SUHVHQW ZRUN DQ H[KDXVWLYH ZDWHU SRLQW LQYHQWRU\ KDV
EHHQFRPSOHWHGVSULQJVZHOOVKDYHEHHQWUDFHG7KHODWWHU
DUHSODFHGRQWKHDOOXYLDODTXLIHURIWKH*UtR5LYHU
7KH K\GURJHRORJLFDO LQWHUHVW RI WKLV XQLW IRFXVHV RQ WKH
3DODHR]RLF TXDUW]LWLF URFNV %iPEROD 4XDUW]LWH DQG $UPRULFDQ
4XDUW]LWH IRUPDWLRQV ZKLFK VKRZ KLJK YDOXHV RI K\GUDXOLF
FRQGXFWLYLW\ EHFDXVH RI WKH KLJK SHUPHDELOLW\ GXH WR IUDFWXUHV
5HFKDUJH LV SURGXFHG E\ UDLQIDOO LQILOWUDWLRQ DQG E\ LQILOWUDWLRQ
IURPVWUHDPVIORZLQJWKURXJKWKHTXDUW]LWHVDVFDQEHREVHUYHG
LQ WKH WXQQHOV H[FDYDWHG IRU WKH +LJK 9HORFLW\ 7UDLQ $9(
4XDUW]LWH JLYHV SODFH WR H[FHOOHQW ILVVXUHG DTXLIHUV EHFDXVH LWV
JHRPHFKDQLFEHKDYLRXU)UDFWXUHQHWVSURGXFHGZLWKLQWKLVILQH
JUDLQHG KDUG URFN DUH FOHDQ DQG IDYRXU WKH FLUFXODWLRQ RI
JURXQGZDWHU
,Q WKH VWXG\ DUHD WKHUH DUH DOVR GHWULWDO GHSRVLWV ZLWK KLJK
LQWHUVWLFHSHUPHDELOLW\DVWKH7HUWLDU\GHSRVLWVORFDWHGERWKWRWKH
1 'HWULWDO 7HUWLDU\ DQG 3OLRFHQH4XDWHUQDU\ DOOXYLXP RI
$OIDPpQ DTXLIHU DQG WR WKH 6 7HUWLDU\ FRQJORPHUDWHV DQG
DOOXYLXP RI WKH 3HUHMLOHV 5LYHU RI WKLV +\GURJHRORJLFDO 8QLW
)LQDOO\ LW LV ZRUWK WR QRWH WKH H[LVWHQFH RI DQ DOOXYLDO DTXLIHU
DVVRFLDWHG WR WKH*UtR5LYHUEHWZHHQWKHYLOODJHVRI&RGRVDQG
7REHG
&URVV VHFWLRQ RQ ILJ LOOXVWUDWHV WKH SURSRVHG EHKDYLRXU
PRGHOIRUWKH+\GURJHRORJLFDO8QLWGHILQHGKHUHLQLQUHODWLRQWR
WKH WZR DGMDFHQW XQLWV 7KH VHFWLRQ UXQV 6:1( LH
SHUSHQGLFXODU WR WKHPDLQVWUXFWXUHVRI WKH ,EHULDQ5DQJH 1:
6( WUHQG 7KH PRGHO DOVR LQGLFDWHV WKH H[LVWHQFH RI D ILVVXUH








,W DFFRXQWV IRU XQGHUJURXQG ZDWHU WKDW LQILOWUDWHV LQ WKLV
+\GURJHRORJLFDO 8QLW DQG GLVFKDUJHV ZLWKLQ 7KH UDQJHV RI
9LFRUW DQG $OJDLUpQ DUH LPSRUWDQW UHFKDUJH DUHDV IRU WKHVH
XQGHUJURXQGIORZV
'LVFKDUJH RFFXUV PDLQO\ WKURXJKRXW WKH *UtR 5LYHU WUDFLQJ
WKH 'DWRV IDXOW ZKLFK ZRUNV DV D JHQHUDO FROOHFWRU IRU ILVVXUH
FLUFXODWLRQ )LJ VKRZV WKH EHKDYLRXU RI WKH 'DWRV IDXOW
FROOHFWLQJXQGHUJURXQGIORZVIURPWKHLQWHUVHFWLQJILVVXUHQHW
7KH*UtR5LYHUDOOXYLDODTXLIHULVORFDWHGEHWZHHQ&RGRVDQG










ZDWHU IURPTXDUW]LWH DTXLIHUV UHQGHUV D QRWDEOH GLOXWLRQ RI*UtR
5LYHUZDWHUVHHILJ
8QGHUJURXQG IORZ DORQJ WKH9LFRUW UDQJHGLVFKDUJHVRQ WKH
ZHVWHUQPRVWSDUWRIWKLVPDVVLIGLUHFWO\WRWKHVWUHDPRIWKH-DOyQ
5LYHUZKLFKUXQVKDUSO\WKURXJKWKHUDQJHDWDQDOWLWXGHRI
P 7KH GLVFKDUJH RI VXFK SDUDOOHO IORZ LV GHPRQVWUDWHG E\ WKH
K\GURFKHPLFDO SURILOH SHUIRUPHG DORQJ WKH -DOyQ )LJZKLFK
UHYHDOV WKH VWURQJ GLOXWLRQ LQGXFHG E\ ZDWHU IURP 3DODHR]RLF
DTXLIHUV6SULQJVIORZLQJIURPWKHERWWRPRIWKH-DOyQVWUHDPDUH
EDUHO\PDQLIHVWHGGXHWRWKHLUVPDOOIORZUDWHV5HFHQWO\DWXQQHO
VL[NLORPHWUHV ORQJKDVEHHQSHUIRUDWHG WKURXJK WKH UDQJH DW DQ





PDUJLQ RI WKH 8QLW SURYLGLQJ XQGHUJURXQG UHFKDUJH WR QHDUE\
K\GURJHRORJLFDOXQLWV
7RWKH1(WKH\IHHGGLUHFWO\WKH-XUDVVLFFDUERQDWHV'HWULWDO
7HUWLDU\ GHSRVLWV RI$OIDPpQ DQG3OLRFHQH4XDWHUQDU\ DOOXYLXP
RI$OIDPpQDTXLIHUV DOO EHORQJLQJ WR WKH³&DPSRGH&DULxHQD´
+\GURJHRORJLFDO 8QLW $Q K\GURJHRORJLFDO FURVVVHFWLRQ RI WKH
ERXQGDU\ EHWZHHQ WKH WZR XQLWV LV VKRZQ RQ ILJ ,W LV
QRWHZRUWK\ WKDWZDWHU VXSSOLHV WR DOO YLOODJHV ORFDWHG DORQJ WKH
ERXQGDU\]RQHDUHWDNHQIURPZHOOVGULOOHGLQ3DODHR]RLFURFNV
7RWKH6:WKHTXDUW]LWLF3DODHR]RLFDTXLIHUVIHHGGLUHFWO\WKH
7HUWLDU\ FRQJORPHUDWHV DTXLIHU WKURXJK WKH ERXQGDU\ ZLWK WKH
³'HSUHVLyQ GH &DODWD\XG´ +\GURJHRORJLFDO 8QLW *URXQGZDWHU
IORZLQJ WKURXJK WKH ODWWHU DTXLIHU HQFRXQWHUV WKH FHQWUDO
HYDSRULWLFJ\SVXPIDFLHVRIWKH&DODWD\XGEDVLQSURGXFLQJWKH
VSULQJVRI/DQJD5XHVFD2UHUDDQG6HGLOHVZKLFKDPRXQWRYHU
 /V DOWRJHWKHU 7KH DOWLWXGH RI WKHVH VSULQJV LV P WKH
VDPH DV WKH IORZLQJ ERUHKROH DW *HPLO $ SDUW RI WKH
XQGHUJURXQGIORZSURJUHVVIXUWKHUWRWKH:WKURXJKWKH7HUWLDU\










7KH 3DODHR]RLF TXDUW]LWLF KDUG URFNV EXLOGLQJ WKH UDQJHV RI
9LFRUW DQG $OJDLUpQ KDYH D UHPDUNDEOH ILVVXUH SHUPHDELOLW\
IRUPLQJ DTXLIHUV RI JUHDW LQWHUHVW IRU ZDWHU VXSSO\ WR YLOODJHV
PDLQWHQDQFH RI ULYHU IORZV DQG XQGHUJURXQG IHHGLQJ WR QHDUE\
GHWULWDO DQG FDUERQDWH DTXLIHUV EHORQJLQJ WR RIILFLDO IRUPHUO\
HVWDEOLVKHGK\GURJHRORJLFDOXQLWV
&RQVLGHUHG DV LPSHUYLRXV KLWKHUWR WKH EXON RI 3DODHR]RLF
KDUGURFNVKDVQRWEHHQLQFOXGHGLQDQ\K\GURJHRORJLFDOXQLW,Q
EDVH RI LQYHQWRU\ GDWD DQG REVHUYDWLRQV RQ WKHLU K\GUDXOLF
EHKDYLRXUZHLQFOXGHWKH3DODHR]RLFPDWHULDOVRIWKH9LFRUWDQG
$OJDLUpQ UDQJHV ZLWKLQ WKH ³UtR *UtR)RFHV GHO -DOyQ´
+\GURJHRORJLFDO8QLWSURSRVHGKHUHLQ
'UDLQDJH RI TXDUW]LWLF DTXLIHUV RFFXUV ERWK LQVLGH WKH 8QLW
DQG WRZDUGV WKH DTXLIHUV RI QHDUE\ K\GURJHRORJLFDO XQLWV 7KH
PRVW LPSRUWDQWVSULQJVDUH ORFDWHGDWRSPDMRUIDXOWV WKDWFROOHFW
ZDWHU IURP WKH LQWHUVHFWLQJ ILVVXUH QHW DQG DOVR LQ 7HUWLDU\
4XDWHUQDU\ GHWULWDO GHSRVLWV WKDW DOVR ZRUN DV FROOHFWRUV IRU
ILVVXUHV\VWHPV
$VVHVVLQJ XQGHUJURXQG ZDWHU UHVRXUFHV IURP 3DODHR]RLF





7KLVZRUNKDVEHHQFDUULHGRXW LQ WKH IUDPHZRUNRI WKH3URMHFW
/2:5*5(3 /DQGVFDSHXVH2SWLPL]DWLRQ:LWK UHJDUGV RI WKH











5LYHU YLOODJHV RI /D $OPXQLD DQG RWKHUV =DUDJR]D´ ,Q
6SDQLVK8QSXEOLVKHG





































7ZR JHRWKHUPDO ZHOOV DW %UXFKVDO ILJ VRXWKZHVW *HUPDQ\
DUH ORFDWHG DW WKH PDUJLQ RI WKH 8SSHU 5KLQH *UDEHQ DPDMRU
7HUWLDU\ ULIW VWUXFWXUH LQ 9DULVFDQ FRQWLQHQWDO FUXVW 7KH





ZHOO *% 7KH WHPSHUDWXUH RI WKH DTXLIHU LV  & 'XULQJ
VXPPHU DQG DXWXPQ  D FLUFXODWLRQ WHVW ODVWLQJ VHYHUDO





7KH FLUFXODWHG IOXLG KDG WKH FKDUDFWHU RI D EULQH ZLWK D
PHDVXUHG7'6FRQWHQW RI J/ZLWK FKORULGH J/ DQG
VRGLXP J/ DV WKHPDLQFRPSRQHQWV ILJ:DWHUDW WKH
ZHOOKHDG DSSHDUV WR EH VOLJKWO\ RYHUVDWXUDWHG ZLWK UHVSHFW WR
FDOFLWH DQG TXDUW] DQG XQGHUVDWXUDWHG ZLWK UHVSHFW WR J\SVXP
)ROORZLQJ WHPSHUDWXUH UHGXFWLRQ IRU JHRWKHUPDO SXUSRVHV
LQFUHDVLQJVDWXUDWLRQLQGLFHVIRUTXDUW]DQGGHFUHDVLQJLQGLFHVIRU
FDOFLWHDQGJ\SVXPDUHH[SHFWHG$W WKHERWWRPRI WKH LQMHFWLRQ



































$W WKH .7% VLWH DW 2EHUSIDO] FHQWUDO *HUPDQ\ WZR GHHS
ERUHKROHV ZHUH GULOOHG D  P GHHS SLORW KROH 9% DQG D
PGHHSPDLQKROH+%7KHERUHKROHVDUHORFDWHGZLWKLQ
DERXWPRIHDFKRWKHUDQGDUHGULOOHG LQWRSDUDJQHLVVHVDQG
PHWDEDVLWHV 7KH .7%9% ERUHKROH LV FDVHG GRZQ WR  P
RSHQ KROH  P $ SURGXFWLRQ WHVW DW .7%9%
FRPPHQFHG LQ -XQH  DQG ZLOO FRQWLQXH WKURXJK XQWLO -XQH
'XULQJWKHILUVWSKDVHRIWKLVWHVWZDWHUDWDUDWHRIDERXW
PLQZDVFRQWLQXRXVO\SXPSHGIURPWKHERUHKROH/DWHUWKH
UDWH LQFUHDVHG XS WR  /PLQ 'UDZGRZQ SUHVVXUH UDWH
WHPSHUDWXUH S+ (K DQG FRQGXFWLYLW\ ZHUH PHDVXUHG





 J/ VRGLXP  J/ DQG FKORULGH  J/ DV WKH PDLQ
FRPSRQHQWV ILJ $VWRQLVKLQJO\ WKH IOXLG FRQWDLQV FRPPRQ
WUDFH HOHPHQWV RI QDWXUDOZDWHUV DW H[WUHPHO\ ORZFRQFHQWUDWLRQ
OHYHOV $V $O &U %H &R =Q 3E &G DQG RWKHUV ZHUH QRW
GHWHFWDEOH$V\HWWKHFRPSRVLWLRQRIWKHIOXLGUHPDLQHGFRQVWDQW
GXULQJ WKH SXPSLQJ WHVW  7KH S+YDOXH RI  ZDV FDOFXODWHG
XVLQJWKHWHPSHUDWXUHGHSHQGHQFHRI.Z6DWXUDWLRQVWDWHVRIWKH
IOXLGV ZHUH FRPSDUHG XVLQJ WKLV S+YDOXH DQG WKH ERWWRP KROH
WHPSHUDWXUH RI Û& 7KH .7% IOXLG LV VOLJKWO\ RYHUVDWXUDWHG
ZLWKUHVSHFWWRDQK\GULWHEDULWHFHOHVWLWHDQGIOXRULWH,WLVFORVH
WRVDWXUDWLRQZLWKUHVSHFWWRTXDUW]DQGFDOFLWH
:H FRPSDUHG WKH .7%IOXLG ZLWK RWKHU GHHS IOXLGV LQ
FU\VWDOOLQHEDVHPHQWURFNVOLNHWKHIOXLGIURPWKH8UDFKZHOOLQ
6:*HUPDQ\ GHSWK  P DQG 6RXOW]VRXV)RUrWV QHDU
%UXFKVDO GHSWK  P 7KH PDLQ FRPSRQHQWV RI DOO WKHVH
IOXLGV DUH W\SLFDOO\1D DQG &O ILJ 7KH.7%IOXLG LV WRWDOO\
GLIIHUHQW IURP RWKHU ZDWHU VDPSOHV IURP WKH 9DULVFLDQ FUXVW LQ
&HQWUDO (XURSH $GGLWLRQDOO\ WKH IOXLGV LQ GHHS FU\VWDOOLQH
EDVHPHQW URFNV LQ 6:*HUPDQ\ DUH &2ULFK ZKLOH WKH .7%
IOXLGLVULFKLQ&+DQG1&RPSRVLWLRQSDWWHUQVVLPLOLDUWRWKDW
RI .7% ZHUH UHSRUWHG IURP VRPH ORFDWLRQV RQ WKH ³FROG´
&DQDGLDQ VKLHOG (\H'DVKZD /DNH GX %RQQHW  7KH &O%U






























LQ 6HUELD %HFDXVH RI LWV EHDXWLHV VSHFLILF DQLPDO DQG SODQW
SRSXODWLRQVLWZDVDFFODLPHGWKHQDWLRQDOSDUNRI6HUELD$OOWKH
VDPHLWLVRQHRIWKHJUHDWHVWWRXULVWFHQWUHVLQ6HUELD$VIRULWV
PRUSKRORJ\ LW LV D KLJK PRXQWDLQRXV DUHD ZLWK GLVWLQJXLVKHG
GLVVHFWLRQRIWKHWHUUDLQDQGILQHWH[WXUHRIWKHUHOLHI7KHKLJKHVW
SHDN LV 3DQFLFCV SHDN  PDVO %HVLGHV .RSDRQLN LV









VWUXFWXUH RI WKH WHUUDLQ DQG FRPSRXQG WHFWRQLF UHODWLRQV ZLWKLQ
WKH UHDOPV RI WKLV FRPSOH[ ,WV JHRORJLF VWUXFWXUH FRQWDLQV
IRUPDWLRQV IURP 3DOHR]RLF 0HVR]RLF DQG 7HUWLDU\ 3DOHR]RLF
URFN FRPSOH[ FRQVLVWV RI VHULHV RI SK\OOLWH DQG JUDSKLWH URFNV
DPSKLEROLWHV VHULFLWH VFKLVWV DQG VDQGVWRQHV DV ZHOO DV RI
PDUEOHV PLFDVFKLVWV DQG JQHLVVHV 0HVR]RLF LV UHSUHVHQWHG E\
OLPHVWRQH GRORPLWH GLDEDVHFKHUW\ IRUPDWLRQV GLDEDVH VSLOLWH






FRPSOH[ K\GURJHRORJLFDO UHODWLRQV ZLWKLQ WKLV PDVVLI ,Q
DFFRUGDQFHZLWKDGLVWLQFWK\GURJHRORJLFDOIXQFWLRQRIPHQWLRQHG
URFN FRPSOH[ JHQHUDOO\ GLVWLQJXLVK WZR W\SHV RI URFN PDVVHV
ZDWHUSHUPHDEOHDQGZDWHULPSHUPHDEOHURFNV)URPWKHDVSHFW
RI JURXQGZDWHU DFFXPXODWLQJ WKHPRVW VLJQLILFDQW LV FDUERQDWH
URFN FRPSOH[ IURP 3DOHR]RLF DQG 0HVR]RLF ZKHUH WKH NDUVW
DTXLIHURFFXUV,WLVVLJQLILFDQWO\SUHVHQWHGLQPDUEOHDQGPDUEO\
OLPHVWRQH RI 3DOHR]RLF WKDW VWUHWFKHV DORQJ QRUWKZHVW DQG
QRUWKHDVW ULPV RI WKH PDVVLI 7KH DTXLIHU UHSUHVHQWV DQ RSHQ
K\GURJHRORJLFDOVWUXFWXUH7KLVDOORZVSUHFLSLWDWLRQV WRUHFKDUJH








RI .RSDRQLN FHQWUDO PDVVLI DUH OLQNHG WR PDUEOH DQG PDUEO\




FRQWULEXWH WR JRRG UHWDUGDWLRQ FDSDFLW\ RI WKH PHQWLRQHG
FRPSOH[ $V WKH URFNV ZLWK ORZZDWHU SHUPHDELOLW\ WKH\ IRUP
LPSHUPHDEOHXQGHUO\LQJEHGRIWKHZDWHUEHDULQJFDUERQDWHOD\HU
1DWXUDO UHVRXUFHV RI WKH NDUVW DTXLIHU DUH PRVWO\ IRUPHG RQ
DFFRXQWRISUHFLSLWDWLRQVDQGGLUHFWLQILOWUDWLRQRIWKHZDWHUVWKDW
UXQ LQWR PDUEOH DQG PDUEO\ OLPHVWRQH DV ZHOO DV RI ZDWHU
UHFKDUJHIURPQRQNDUVWSDUWVRIWKHWHUUDLQ
,W LV HVWLPDWHG WKDW DTXLIHU LV UHFKDUJHGE\ [PRI
ZDWHUIURPNDUVWSDUWRIWKHWHUUDLQJURVVDUHD[PDQG
E\[PRIZDWHUIURPQRQNDUVWSDUWRIWKHWHUUDLQJURVV
DUHD  [  P ZKLFK DPRXQWV WR  [  P DV D WRWDO
UHFKDUJH 7KH DTXLIHU GLVFKDUJHV E\ FRQFHQWUDWHG HIIOXHQFH RI
JURXQGZDWHUWKURXJKVSULQJVWKDWDSSHDURQWKHULPRIWKHPDVVLI
0RVW RI VSULQJV DUH RI JUDYLWDWLRQDO W\SH DQG WKHLU DSSHDUDQFHV
DUH OLQNHG WR VRPH RI IDXOWV WKDW UHSUHVHQW SUHIHUHQWLDO SDWKV RI
JURXQGZDWHU IORZ6SULQJV DUH ORFDWHG LQ DOWLWXGHV UDQJLQJ IURP
WRPDVO7KH\LHOGRIVSULQJVLVYDULDEOHDQGGHSHQGV
RQ WKH LQWHQVLW\ RI SUHFLSLWDWLRQ 7KLV HYLGHQW FRUUHODWLRQ H[LVWV
GXULQJWKHZKROHK\GURORJLFDO\HDU6XUIDFHIORZDOPRVWGRHVQRW







:DWHUV IURP NDUVW VSULQJV RI .RSDRQLNCV PDVVLI DUH RI JRRG
TXDOLW\DQGDVVXFKWKH\DUHVXLWDEOHIRUH[SORLWDWLRQ7KH\FDQEH
XVHGIRUPXQLFLSDOZDWHUVXSSO\RIWKHVHWWOHPHQWVDWWKHIRRWRI
WKH PRXQWDLQ %HFDXVH RI WKHLU EHQHILFLDO SK\VLFDO ± FKHPLFDO
SURSHUWLHVDQGORZPLQHUDOL]DWLRQPJ/WKH\DUHVXLWDEOH
IRU ERWWOLQJ DV WDEOHZDWHUV&DUERQDWH FRPSRXQG RI EDVLF URFN
PDVV LQ WKLV FDVH PDUEOH DQG PDUEO\ OLPHVWRQH FRQWULEXWH WR
WKHLU VWDEOH FKHPLFDO FRPSRVLWLRQ $V IRU SK\VLFDO SURSHUWLHV
WKHVHZDWHUVDUHZLWKRXWFRORXUVPHOODQGWDVWHWKH\DUHSHOOXFLG
DQG GR QRW SXGGOH HYHQ GXULQJ WKH VWURQJ UDLQIDOOV 7KH\ KDYH
VWDEOHWHPSHUDWXUHUDQJLQJEHWZHHQDQGq&DQGS+WR
ZKLFK JLYHV WKHP QHXWUDO FKDUDFWHU $FFRUGLQJ WR WHPSHUDWXUH
YDOXHV WKH\ EHORQJ WR FROGZDWHUV$FFRUGLQJ WR KDUGQHVV WKH\
UDQJH IURP  WR  qG+ DIWHU &OXW LH WKH\ EHORQJ WR VRIW
ZDWHUV

$FFRUGLQJ WR FKHPLFDO FRPSRVLWLRQ LH FRQFHQWUDWLRQ RI WKH












LQ HFRORJLFDOO\ SUHVHUYHG HQYLURQPHQW 7KH ZKROH DUHD ZDV
GHFODUHG  7KH 1DWLRQDO 3DUN RI WKH 5HSXEOLF RI 6HUELD :DWHU
SRWHQWLDOLW\ RI WKHVH VSULQJV LV VWLOO SRRUO\ GHYHORSHG %\ WKHLU
G\QDPLFUHVHUYHVDQGWKHZD\RIWKHLUUHFKDUJHWKHVHVSULQJVFDQ
FRQWULEXWH WR VROYLQJ WKH SUREOHP RI UHJLRQDO ZDWHU VXSSO\
7KHUHIRUHWKHSURWHFWLRQDQGSUHVHUYDWLRQRIWKHVHQDWXUDOJRRGV






6WRMDGLQRYLF '  :DWHU 3RWHQWLDOLW\ RI WKH %DVLQV RI WKH
5DVLQDDQGWKHSDUWRIWKH:HVW0RUDYD%HOJUDGH
)LOLSRYLF % .UXQLF 2  +\GURJHRORJLFDO 'LVWLQFWLRQV RI
.RSDRQLN6\PSRVLXP*HRORJ\DQG0HWWDOORJHQ\RI.RSDRQLN
0W.RSDRQLN<XJRVODYLD
9XFHWLF 1 'MRNLF , 6LPLF0 3DSLF 3  &RQGLWLRQV DQG
SRVVLELOLWLHVRI8VLQJ.DUVWLILHG/LPHVWRQH$TXLIHUVLQWKH$UHD




































XSSHU RQH LV FRPSRVHG E\ WHFWRQLFDOO\ SODFHG JUHHQ VFKLVW DQG
RSKLFDOFLWHZLWK WKHFRPSOH[RIRSKLROLWHDQGJDEEURV(UXSWLYH












FRDVWV ,W LV REYLRXV KHQFH WKDW WKH PDMRULW\ RI WKH UXQRII LV
RULHQWHGWRWKHELJJHUVHFWRUZLWKUGDQGWKRUGHUFKDQQHOVZKLOH
WKH FKDQQHOV RI WKH 6: VHFWRU UHSUHVHQW VW DQG QG RUGHU




WKH EHWWHU LQILOWUDWLRQ FRQGLWLRQV DQRWKHU UHPDUNDEOH OHYHOLQJ
VXUIDFH FRUUHVSRQGV WR WKH WULDQJXODU JUDQLWLF RXWFURSV 7KH






7KH WRWDOLW\ RI WKH VFKLVWROLWKLF HQYLURQPHQW VSULQJV RI7LQRV LV




W\SLFDO GLVFRQWLQXRXV PHGLD 7KH VFKLVW SUHVHQWV KHUH D PRUH
GHQVH DQG GHHS V\VWHP RI UXSWXUHV IRUPLQJ D W\SLFDO
GLVFRQWLQXRXV PHGLD IRU WKH JURXQGZDWHU DFFXPXODWLRQ DQG
FLUFXODWLRQ$GGLWLRQDOO\ WKHDOWHUDWLRQ LVPRUH LQWHQVLYH WKXVD
FRQVLGHUDEOH VXSHUILFLDO OD\HU LV IRUPHG UHSUHVHQWLQJ D SRURXV
PHGLD GLUHFWO\ FRQQHFWHG ZLWK WKH EHQHDWK KDUGURFN DTXLIHU





FRQILJXUDWLRQ RI WKH LVODQG $GGLWLRQDOO\ WR WKH IDFWRUV
UHSUHVHQWLQJ WKH JHRPRUKRORJLF VHWWLQJ RULHQWDWLRQ RI WKH
K\GURORJLFQHWZRUNOHYHOLQJVXUIDFHVSUHYLRXVO\GHVFULEHGDQG













HOHYDWLRQ 7KLV LV PRUH REYLRXV DQG HYLGHQW FRQVLGHULQJ WKH
PHWDPRUSKLF DQG RSKLROLWLF V\VWHP EHFDXVH RI VXFFHVVLYH ORFDO
WHFWRQLF HYHQWV ,W LV YHU\ LPSRUWDQW WKDW WKH =RGHPHQL VSULQJ
EHLQJ WKHPRVW LPSRUWDQW VSULQJ LQ7LQRV LVPDQLIHVWHG DW KLJK
HOHYDWLRQSRLQW

)LJXUH  'LVFKDUJH UDWH RI VSULQJV RI WKH KXPLG SHULRG
YHUVXVWKHHOHYDWLRQ
$V LW LV FOHDUO\ REVHUYHG WKHUH LV QR DQ\ UHPDUNDEOH
FRUUHODWLRQFRQQHFWLQJWKHGLVFKDUJHUDWHDQGWKHHOHYDWLRQRIWKH
VSULQJV 7KLV LV GXH WR WKH IDFW WKDW WKH VSULQJV EHORQJ DQG
UHSUHVHQWGLIIHUHQWSDUWLDODTXLIHUVHYHQWXDOO\SDUWLFLSDWLQJWRWKH







7KH DTXLIHU RI WKHVH VSULQJV LV WKH V\VWHP RI JUHHQ VFKLVW
UHODWLYHO\ SHUPHDEOH VHTXHQFH DQG RSKLROLWLF IRUPDWLRQV
UHODWLYHO\ OHVV SHUPHDEOH VHTXHQFH WHFWRQLFDOO\ SODFHG RQ WKH
ORZHU XQLW FRQVLVWHG RI W\SLFDO VFKLVW 7KHPDLQ IDXOW V\VWHP LV
GLUHFWHG DOPRVW WR WKH 16 ZLWK IDXOWV RI FRQVLGHUDEOH OHQJWK
ZKLOHWKHVHFRQGDU\V\VWHPLVWKHFRQMXJDWHRIWKHILUVWRQHZLWK
VPDOOHUIDXOWVRIDQ(:GLUHFWLRQ6SHFLDOLQWHUHVWLVJLYHQWRWKH





V\QFOLQH D[H LV IRUPHG ZKLFK KHOSV LQ WKH IUDPH RI WKH
FRQFHQWUDWLRQRIWKHJURXQGZDWHU
7KH PRVW LPSRUWDQW VSULQJV RI WKH GLVFXVVHG JURXS DUH WKH
VSULQJVRI*O\N\1HUR/D]DURVDQG$NHUDWRV$FFRUGLQJWKHURVH
GLDJUDP WKH PDMRULW\ RI WKH VSULQJV LV GLVFKDUJHG DW WKH 6(
PRXQWDLQVLGH IURP1:WR6(7KHH[FHSWLRQ LV WKHVSULQJVRI






$V LW LV FOHDU IURP WKH URVH GLDJUDP WKH PDLQ IDXOW V\VWHP LV
RULHQWHGIURP1:WR6(ZKLFKLVWKHVDPHRULHQWDWLRQZLWKWKH
PDLQ ZDWHUVKHG 7KH VHFRQGDU\ IDXOW V\VWHP RI DQ RULHQWDWLRQ
11(66: LV WKH FRQMXJDWH RI WKH SUHYLRXV RQH DQG FRLQFLGHV
ZLWKWKHSULQFLSDOGLUHFWLRQVRIWKHYDOOH\V$QDQWLFOLQHVWUXFWXUH
DOPRVW DORQJ WKH ZDWHUVKHG LV RULHQWHG IURP 1: WR 6( 7KH
=RGHPHQL VSULQJ LV WKH PRVW LPSRUWDQW LQ 7LQRV ,VODQG ZLWK D
GLVFKDUJH UDWH  PK $W WKH XSSHU SDUW RI WKH VSULQJ DQ
LPSRUWDQWSODWHDX LV IRUPHGEHORQJLQJ WR WKH OHYHOOLQJVXUIDFHV
FKDUDFWHUL]HGE\YHU\VRIWVORSHVVXSSRUWLQJWKHLQILOWUDWLRQ7KH
VFKLVWRVLW\RIWKHDTXLIHUFRLQFLGHVWRWKHJURXQGZDWHUIORZWRWKH
HPHUJHQFH SRLQW :LWKLQ WKH SODWHDX D GHQVH DFFXPXODWLRQ RI
4XDUW] YHLQV LV HQFRXQWHUHG ZKLFK IDYRXUV WKH LQILOWUDWLRQ
EHFDXVH RI WKH LQWHQVLYH IUDFWXUDWLRQRI WKH URFN7KH LPSRUWDQW
GLVFKDUJH RI WKH VSULQJ LV UHODWHG WR WKH PDLQ IDXOW 1:6(
LQWHUVHFWHGZLWK WKHRWKHUIDXOWVDQGIRUPLQJDQLPSRUWDQWZDWHU














$OH[RXOL/LYDGLWL $  *HRPRUSKRORJLFDO LQYHVWLJDWLRQV RI
WKHGUDLQDJHQHWZRUNDQGFDOFXODWLRQRI WKHSHDNUXQRIIVWRUP
4SRIWKHPDLQGUDLQDJHEDVLQVRI7LQRV,VODQG3URF,QWHUQ
6\PS (QJLQHHULQJ *HRORJ\ DQG (QYLURQPHQW $WKHQV ,Q
0DULQRV3.RXNLV*7VLDPEDRV*6WRXUQDUDV*HGVS
%DONHPD
$OH[RXOL/LYDGLWL $ /LYDGLWLV *  ,QYHVWLJDWLRQ DQG
GHOLQHDWLRQ RI DUHDV ZKHUH LQWHQVH HURVLRQ DQG PDVV ZDVWLQJ




7LQRV ,VODQG %XOO *HRO 6RF RI *UHHFH  LQ
*UHHN
0HOLGRQLV 0*  7KH JHRORJ\ RI *UHHFH WKH JHRORJLFDO
VWUXFWXUH DQG PLQHUDO GHSRVLWV RI 7LQRV ,VODQG &\FODGHV
*UHHFH,QVW*HRO0LQ([SORU$WKHQV
6WRXUQDUDV * $OH[LDGRX 0&K .RXWVL 5 $WKLWDNL 7K 
0DLQ FKDUDFWHULVWLFV RI WKH VFKLVW DTXLIHUV LQ 7LQRV ,VODQG






















$ E V W U D F W   3UHFDPEULDQURFNVRI.DUHOLDKDYHLQVLJQLILFDQWSRURVLW\DQGDUHFRYHUHGE\4XDWHUQDU\GHSRVLWV7KHUHLVRQO\RQH
JURXQGZDWHUDTXLIHU V\VWHP LQ IUDFWXUHGEHGURFNZLWKLQ IDXOW]RQHVDQG LQVRIW VHGLPHQWV:DWHU LVRIJRRGTXDOLW\DQGH[WUHPHO\
IUHVKZLWK WRWDOGLVVROYHGVDOW FRQWHQWV OHVV WKDQPJ/%HGURFNFKHPLVWU\FOHDUO\ LQIOXHQFHVZDWHUFRPSRVLWLRQVXOSKLGHULFK
EDVDOWLVDVVRFLDWHGZLWKKLVWRULFDOO\IDPRXVLURQULFKPLQHUDOVSULQJVZKLOHXUDQLXPULFKEHGURFNFRUUHODWHVZLWKHOHYDWHGUDGRQLQ
JURXQGZDWHU 6WXGLHG VSULQJZDWHUPD\ EH WDNHQ DV D VWDQGDUG IRU QDWXUDO FOHDQ JURXQGZDWHU ,Q(VWRQLD3UHFDPEULDQ EDVHPHQW LV
EXULHGXQGHUP WKLFN9HQGLDQ'HYRQLDQ VHGLPHQWDU\ FRYHUZKLFKGLSVJHQWO\ VRXWK DWPSHUNP7KHUHDUH IRXU
DTXLIHU V\VWHPV LQ VDQGVWRQHV DQG WZR DTXLIHU V\VWHPV LQ FDUERQDFHRXV URFN )UDFWXUHG ]RQHV IDFLOLWDWH PDLQWDLQ UHFKDUJH RI DOO






WKH HDVWHUQ SDUW RI WKH )HQQRVFDQGLDQ 6KLHOG FRPSRVHG RI
PXOWLSO\ GHIRUPHG $UFKHDQ DQG 3URWHUR]RLF PHWDPRUSKLF DQG
LQWUXVLYH URFNV %HGURFNV LV RYHUODLQ E\ 4XDWHUQDU\ FRYHU
XVXDOO\XS WRP LQ WKLFNQHVV DOWKRXJKFU\VWDOOLQH URFNVDUH
H[WHQVLYHO\ H[SRVHG DORQJPXFKRI WKH VKRUHOLQHVRI WKH:KLWH
6HD/DNHV/DGRJDDQG2QHJD7KLFNHUVXUILFLDOGHSRVLWVEODQNHW
DQFLHQW YDOOH\VPRVWO\ IRUPHG DORQJ WKH IUDFWXUHG IDXOW ]RQHV





FRQWDLQ JURXQGZDWHU :KHUH ZHDWKHUHG KRZHYHU VRPH




GLYLGH WKH ZKROH WHUULWRU\ LQWR EORFNV RI GLYHUVH VL]H ,Q WKHLU
FHQWUDOSDUWVWKHGHQVLW\RIWHFWRQLFMRLQWVLVORZOHVVWKDQLQ
DQ\GLUHFWLRQSHUPRISURILOHDQGMRLQWGHQVLW\DOVRGHFUHDVHV
ZLWK GHSWK -RLQW DUH VKRUW FORVHG DQG URFNV DUH UHODWLYHO\
LPSHUPHDEOH ,Q WKH IDXOW ]RQHV URFNV DUH LQWHQVLYHO\ IUDFWXUHG
DQG LQ WKH FHQWUDO SDUW RIWHQ UHSUHVHQWHG E\ WHFWRQLF EUHFFLD
FHPHQWHG ZLWK ORZWHPSHUDWXUH PHWDVRPDWLF PLQHUDOV TXDUW]
FDUERQDWHV LURQ K\GUR[LGHV HSRGRWH FORULWH S\ULWH HWF $ORQJ
WKHPDUJLQVRIWKHVH]RQHVWKHLQWHQVLW\RIMRLQWLQJLVPDQ\WLPHV
JUHDWHU (YHQ  P IURP IDXOWV WKH QXPEHU RI MRLQWV
H[FHHGVSHUPLQDQ\GLUHFWLRQ-RLQWVKHUHDUHRSHQDQG
ORQJDQGDUH W\SLFDOO\FRDWHGE\ WKLQ]RQHVRI ORZWHPSHUDWXUH
PLQHUDOVVRPHPPLQWKLFNQHVV3URORQJHGZHDWKHULQJSURFHVVHV
KDYHSHQHWUDWHG WR WKHGHHSHU OHYHOV RI IDXOW ]RQHV UHVXOWLQJ LQ
OLQHDU YDOOH\V ZLWK SURPLQHQW QHJDWLYH UHOLHI 7KH\ DUH XVXDOO\
PZLGHDQGPWKHPDLQ]RQHVXSWRNPZLGH
PGHHSDQGVRPHKXQGUHGNPORQJ6\VWUD2IWHQ
IDXOWV KDYH VFDUSV RQ RQH RU ERWK VLGHV 'HHS YDOOH\V DQG
UHVLVWDQW EORFNV EHWZHHQ WKHP KDYH JHQHUDWHG WKH W\SLFDO
XQGXODWLQJWRSRJUDSK\RI.DUHOLD
7KHUH LV D VLQJOH DTXLIHU LQ WKH4XDWHUQDU\GHSRVLWV DQG LQ
XSSHU SDUW RI WKH MRLQWHG DQG IUDFWXUHG EHGURFN LQ UHJLRQ 7KH
PRUDLQH FRYHU RQ WKH WRS RI KLOOV LV WKLQ DQG LW LV VDQG\ LQ
FRPSRVLWLRQUDLQIDOOLQILOWUDWHVLQWREHGURFNTXLFNO\DQGHQULFKHV
WKHJURXQGZDWHUE\LQWHUDFWLRQZLWKPDQ\PLQHUDOFRPSRQHQWVLQ
PLQHUDOL]HG MRLQWV RI IUDFWXUHG URFN )ORZSDWKV WKURXJK WKH
EHGURFNDUHVKRUWZLWKDKLJKUDWHRILQILOWUDWLRQ0RVWRIVSULQJV
DUH ORFDWHGDW WKHIRRWRI WKHVFDUSV W\SLFDOGLVFKDUJHUDWHVDUH
 /V $ORQJ WKH VFDUSV LW LV VRPHWLPHV SRVVLEOH WR ILQG
VSULQJV HYHU\  P 7KH GHHSHVW SDUWV RI IDXOW ]RQHV DUH
XVXDOO\RFFXSLHGE\RSHQZDWHUERGLHVDQG WKHUHDUHQXPHURXV
VXEDTXDWLF VSULQJV 7KH DELOLW\ IRU JURXQGZDWHU LQ FU\VWDOOLQH











$QDO\]HG VDPSOHV ZHUH WDNHQ IURP VSULQJV LQ WKH 3DDQDMlUYL
1DWLRQDO3DUN1:.DUHOLD %RURGXOLQD DQG6\VWUD7KLV
DUHD LV LQ SULVWLQH FRQGLWLRQ DQG WKHUH DUH QR PDMRU LQGXVWULHV
ZLWKLQ  NP RI WKH QDWLRQDO SDUN FUHDWHG LQ  7KH RQO\
VRXUFHRISROOXWDQWV LV DLUERUQH WUDQVSRUW IURP:HVWHUQ(XURSH
ZLWK WKH SUHYDLOLQJZLQG GLUHFWLRQ EHLQJ IURP WKH 6:6SULQJ




DQG DUH K\GURFDUERQDFHRXVFDOFLXP ZDWHUV LQ FRPSRVLWLRQ
WDE1R
$OWKRXJK WKH JOREDO WUDQVSRUW RI PLQHUDO VDOWV RFFXUV LQ
(VWRQLD LW LV FDOFXODWHG WKDW DYHUDJH SUHFLSLWDWLRQ LV  PJ/
5DXNDVDQG7HHGXPlHWKHPDLQVRXUFHVRIWKHGLVVROYHG
VROLGV LQ(VWRQLD DUH LQ WKHEHGURFNZKHUHDV LQ.DUHOLDPRVWO\
IUDFWXUHG URFNV RI IDXOW ]RQHV 7KLV LV FOHDUO\ UHIOHFWHG LQ WUDFH
HOHPHQW JURXQGZDWHU JHRFKHPLVWU\ LQ EHGURFN WDE 7KH
LQIOXHQFHRIEHGURFNFRPSRVLWLRQRQJURXQGZDWHULVDOVRHYLGHQW
ZKHQ FRPSDLQJ DQDO\VHV $W 3DDQDMlUYL WKH VSULQJV GLVFKDUJHV
IURP EDVDOW WDE 1R  DQGHVLWLF EDVDOW 1R  DQG TXDUW]
SRUSK\U\1RDQGDW.LOSLVMlUYL 6DDQD6WULFW5HVHUYHIURP
IUDFWXUHGFOD\H\VODWHVTXDUW]LWHDQGGRORPLWHV1R
(DUO\ 3URWHUR]RLF VHGLPHQWDU\YROFDQLF URFNV DQG IDXOW
]RQHV LQ .DUHOLD ORFDOO\ KRVW XUDQLXP PLQHUDOL]DWLRQ DQG
JURXQGZDWHU IURP ZHOOV DQG VSULQJV FDQ VKRZ KLJK UDGRQ
FRQFHQWUDWLRQV$YHU\GLVWLQFWLYHLURQULFKPLQHUDOZDWHUIRUPV
LQDVVRFLDWLRQZLWKLURQDQGVXOILGHULFK-DWXOLDQEDVDOWVRIWKH
2QHJD V\QFOLQRULXP 7KH 5XVVLDQ 7VDU 3HWHU  HVWDEOLVKHG D
PLQHUDO VSD DQG VDQLWRULXP DW WKHVH VSULQJV LQ  DQG LW
FRQWLQXHVWRRSHUDWHWRGD\
1HDU WKH VSULQJPLUHV WKHGLYHUVLW\RI YHJHWDWLRQ LV JUHDWHU
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]RQHV DQG LQ ZHDWKHUHG SDUWV LW VDOW FRQWHQW LV XS WR  J/
9LQJLVVDDU
7KH &DPEULDQ9HQGLDQ DQG 2UGRYLFLDQ&DPEULDQ DTXLIHU
FRPSOH[HV DUH WKH PDLQ VRXUFHV RI GULQNLQJ ZDWHU LQ QRUWKHUQ
(VWRQLD ZKLOH WKH 0LGGOH 'HYRQLDQ DQG 0LGGOH/RZHU
'HYRQLDQ DTXLIHU FRPSOH[HV DUH PRVW LPSRUWDQW LQ VRXWKHUQ
(VWRQLD :HDNO\ FHPHQWHG SRURXV VDQGVWRQHV IRUP PRVWO\
FRQILQHGDTXLIHUV LQZKLFKZDWHU\LHOGLQJFDSDFLW\LVUHODWLYHO\
KLJK $TXLIHU FRPSOH[HV DQG VLQJOH OD\HUV DUH VHSDUDWHG E\
DTXLWDUGV ZKLFK PRVWO\ FRPSULVH FOD\V LQ WKH 9HQGLDQ DQG
&DPEULDQ URFNV DQG DOVR PDUOV LQ WKH 'HYRQLDQ VHTXHQFHV
*URXQGZDWHUIORZVTXLFNHUDQGWKHFDSDFLW\RIZHOOVLVKLJKHULQ
VDQGVWRQHV ZKHUH WKH\ KDYH LQWHQVLYH EHGGLQJ MRLQWLQJ RU DUH
IUDFWXUHGLQIDXOW]RQHV,QWKHVFDUSVRI6RXWK(VWRQLDZDWHUKDV
ZDVKHG RXW ILQHJUDLQHG VDQG IURP'HYRQLDQ VDQGVWRQHV DORQJ
WKHYHUWLFDO WHFWRQLF MRLQWV1XPHURXVFDYHVKDYH IRUPHG LQ WKH
VDQGVWRQHVZKLFKDUHVRPHPHWHUVKLJKDQGZLGHDQGVRPHWHQV
PORQJWKHLUZDOOVEHLQJDQJXODUDFFRUGLQJWRWKHRULHQWDWLRQRI
WKH PDLQ MRLQW V\VWHPV 6SULQJV DUH RIWHQ DVVRFLDWHG DW WKH
LQWHUVHFWLRQV EHWZHHQ YHUWLFDO DQG LQFOLQHG MRLQW V\VWHPV LQ
EHGURFNGLVFKDUJHRIWHQH[FHHGV/V
7KH 6LOXULDQ2UGRYLFLDQ DTXLIHU FRPSOH[ LV DQ LPSRUWDQW
VRXUFHRIZDWHUIRU&HQWUDO(VWRQLD,WFRQVLVWVRIOLPHVWRQHDQG
GRORPLWHZLWKFOD\H\PDUO LQWHUEHGV7KHFRQGXFWLYLW\RIZDWHU
GHSHQGV RQ YHUWLFDO DQG KRUL]RQWDO MRLQWV NDUVW DQG IUDFWXULQJ
DOVRRFFXU7KHWKLFNQHVVRINDUVWLILHGDQGWKHZHDWKHUHG]RQHLQ
WKH FDUERQDWH URFNV LV XVXDOO\  P VRPHWLPHV  P DQG
H[FHSWLRQDOO\XSWRP2QO\RIWKHWRWDOURFNVHTXHQFH









7KH WRWDO DPRXQW RI JURXQGZDWHU LQ (VWRQLD LQ IUDFWXUHG ]RQHV
DQGURFNSRUHVSDFHVLVQHDUO\NP5DXNDVDQG7HHGXPlH
)DXOWLQJDQGIUDFWXULQJLVHVVHQWLDOWRPDLQWDLQUHFKDUJHRI
GHHS JURXQGZDWHU OD\HUV DQG DTXLIHU FRPSOH[HV 7KH IORZ
V\VWHPVRFFXU LQXSODQGVZKHUH WKHJURXQGZDWHU WDEOH LVPRUH







+&20J&D W\SH ZLWK 7'6 FRPPRQO\  J/ LQ WKH
SDVVLYH H[FKDQJH ]RQH ±  J/ ,Q VRPH SODFHV WUDFH














































7KHH[DPSOHZDV WDNHQIURPWKH1RUWK(DVWRI%UD]LO LQ WKHIDU
ZHVW RI WKH 3HUQDPEXFR VWDWH 7KH DUHD ZKLFK ZDV VDPSOHG
FRYHUVNPWKHDGPLQLVWUDWLYHGLVWULFWRI3HWUROLQDOLPLWHGLQ
WKH 6RXWK E\ WKH 6mR )UDQFLVFR ULYHU 6RPH SDUW RI WKH DUHD LV
LUULJDWHGZLWKZDWHU IURPWKLV ULYHU,QWKHUHPDLQLQJSDUWRI WKH
GLVWULFW VRPH WHQV RI VXEVXUIDFH GDPV DQG DSSUR[LPDWHO\ 
ZDWHU ZHOOV VXSSO\ WKH SRRU IDUPODQG ZLWK ZDWHU PDLQO\ IRU





&U\VWDOOLQH URFNV DQG GLIIHUHQW NLQG RI PHWDPRUSKLF URFNV RI
$UFKDLFDQ DJH ZKLFK EHORQJ WR WKH 6mR )UDQFLVFR &UDWRQ DUH
IRUPLQJWKHVXEVXUIDFHRIWKHGLVWULFW$IHZPHWDPRUSKLFURFNV
RI 3URWHUR]RLF DJH DUHPDSSHG7HUWLDU\ FRYHUV VPDOO DUHDV DQG
WKHRXWFURSVVKRZOLWWOHWKLFNQHVVRIWKHVHGLPHQWV,QWKHIROGHG
VHULHV DOVR VRPHPDUOVWRQHV FDQ EH IRXQG ,Q WKH YDOOH\VZKLFK
DUHPRVWRIWKHWLPHGU\DOOXYLDOVHGLPHQWVDUHDFFXPXODWHGXSWR
PWRP7KH WKLFNQHVV LVRIWHQRYHUHVWLPDWHGEHFDXVHRI WKH
ZHDWKHUHG URFN]RQHZKLFK LVGLIILFXOW WRVHSDUDWH IURPWKHILQH
VHGLPHQWVRIWKHULYHUEHG)URPDLUSKRWRVSDOHRYDOOH\VFDQEH
PDSSHG7KH VHGLPHQW ILOO VHHPV WREH UDWKHU WKLQ7KH IHDWXUHV
DUH IROORZLQJ SDOHRVWUXFWXUHV DQG WKH\ DUH UHPDUNDEOH LQ WKH
LGHQWLILFDWLRQRIZDWHUZHOOV
/DUJH IDXOWV VWULNLQJ  DUH FURVVLQJ WKH UHJLRQ ZKLOH IHZ
IDXOWV VWULNHZLWK  6RPH IDXOWV UHSUHVHQW ODUJH VKHDU ]RQHV







7KHFOLPDWHRI WKHUHJLRQ LVVHPLDULG7KHPHDQSUHFLSLWDWLRQ LV
 PPD DQG WKH SRWHQWLDO HYDSRWUDQVSLUDWLRQ LV DERXW 
PPD7KHGLVWULEXWLRQRIWKHUDLQIDOOLVLUUHJXODUDQGVRPH\HDUV
KDYH OHVV WKDQ  PP GXULQJ D IHZ GD\V ,Q RWKHU \HDUV WKH
SUHFLSLWDWLRQFDQUHDFKPP7KHUDLQPD[LPXPLQ0DUFKLV
FORVH WRPPD%HWZHHQ0D\DQG1RYHPEHUUDLQIDOO LVUDUH






:DWHU ZHOOV ZHUH FRQVWUXFWHG LQ GLIIHUHQW FDPSDLJQV IURP WKH
HDUO\ VL[WLHV ± D IHZ ± VRPH LQ WKH HLJKWLHV DQGPDLQO\ DW WKH
EHJLQQLQJ RI WKH QLQHWLHV )URP WKH PRUH WKDQ WKRXVDQG ZHOOV








$OO ZHOOV KDYH D VKRUW FDVLQJ 5HDFKLQJ WKH VROLG URFN WKH
ZHOOV DUH ZLWKRXW ZHOO VFUHHQ RU DGGLWLRQDO FDVLQJ $OO ILVVXUHV
DQG IUDFWXUHVFDQFRQWULEXWHGLUHFWO\ WR WKHZHOO7KHGUDZGRZQ
UHDFKHVLQVRPHFDVHVP
7KHZHOOVDUHZLWKVRPHH[FHSWLRQV ORFDOL]HG LQ WKHGU\SD








'XULQJ -DQXDU\ WR0DUFKDZDWHU VDPSOLQJFDPSDLJQZDV
FDUULHG RXW LQ WKH DGPLQLVWUDWLYH GLVWULFW RI 3HWUROLQD ZDWHU
VDPSOHV ZHUH WDNHQ IURP DOPRVW DOO RSHUDWLQJ ZHOOV +DUGQHVV
HOHFWULFDO FRQGXFWLYLW\ S+ DQG (K ZHUH DQDO\VHG LQ WKH ILHOG
2QHVDPSOHIRUWKHDQLRQVDQGRQHIRUWKHFDWLRQVZDVWDNHQDQG
FRQVHUYHGDQGVHDOHGDQGODWHUVHQGE\DLUIUHLJKWWR%HUOLQ7KHVH























UDOLVHG ZDWHU GHULYHV ZLWK D IHZ H[FHSWLRQV IURP GHHS ZHOOV





































KDYH D OHDQ WR EDG TXDOLW\ DQG D EDG VSHFLILF \LHOG 7KH GUDZ
GRZQLQZHOOVZLWKRYHUPGHSWKUHDFKHVXSWRP\LHOGLQJ
 PK :HOOV ORFDWHG RQ FOHDU PDUNHG VWUXFWXUHV RU HYHQ RQ
LQWHUVHFWHGVWUXFWXUHV\LHOGOLWWOHDPRXQWVRIZDWHU,QWKHXSWKUXVW















7KHTXHVWLRQRI WKHRULJLQRI WKHPLQHUDOV LQ WKHJURXQGZDWHU LV
QRW FOHDUO\ WR DQVZHU*DVFR\QH DQG.DPLQDQL  DVVXPHG
WKDW WKHRULJLQPLJKWEH IURPWKH URFNPDWUL[DQGFU\VWDOZDWHU
+RIPDQQ DQG7U|JHU  GLVFXVVHG WKH SRVVLELOLW\ RI DWPRV
SKHULFRULJLQRIWKHPLQHUDOVWUDQVSRUWHGZLWKWKHILQHVRLO8QGHU
WKHFOLPDWLFFRQGLWLRQVWKHHYDSRUDWLRQRIWKHZDWHUIRUFHVDVDOW
UHVLGXH RQ WKH WRS VRLO 7KH FDWLRQV GHULYHG IURP WKH PLQHUDOV
ZKLFKDUHIRUPLQJWKHURFN7KHRULJLQRIWKHFKORULGHLVGRXEWIXO
EHFDXVH LW LV QRUPDOO\ QRW DEXQGDQW LQ WKH URFNV RI WKH UHJLRQ







UROLQD GHPRQVWUDWHG WKDW GHHS ZHOOV ! P PDLQO\ KDYH OHVV
\LHOG WKDQ VKDOORZZHOOV DQGKDYHD ORZHUJURXQGZDWHUTXDOLW\
:HOOV LQ WHFWRQLF VWUXFWXUHV \LHOG OHVVZDWHU WKDQ H[SHFWHG7KH
JURXQGZDWHUIURPWKLVZHOOVPDLQO\KDVDOHDQWREDGTXDOLW\7KH
PRVWHIIHFWLYHZHOOVDUHORFDWHGLQSDOHRYDOOH\VLQWKHZHDWKHUHG
URFN 7KH EHVW FRQGLWLRQV DUH IRXQG LQ SODFHV ZKHUH WKH ZDWHU









*DVFR\QH0 .DPLQHQL '&  7KH +\GURJHRFKHPLVWU\ RI
IUDFWXUHG SOXWRQLF URFNV LQ WKH &DQDGLDQ 6KLHOG $SSOLHG
+\GURJHRORJ\±
+RIPDQQ77U|JHU8+\GURJHRORJLFDOEDVLFVXUYH\LQWKH
UHJLRQ RI ÈJXD )ULD %DKLD %UDVLO =EO *HRO 3DOlRQW 7HLO 
±
0DLOX *0  7KH ,QIOXHQFH RI SUHFDPEULDQ PHWDPRUSKLF









7DEOH0RVW W\SLFDOGDWDRI WKHZHOOVRI WKHPXQLFLSDODUHDRI3HWUROLQD7KHVKDOORZZHOOVKDYH LQJHQHUDODJRRG\LHOGDQG
EHWWHUZDWHUTXDOLW\'HHSZHOOVZLWKVRPHH[FHSWLRQVKDYHDORZ\LHOGDQGOHDQWREDGZDWHUTXDOLW\

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$ E V W U D F W   'HHS JURXQGZDWHU IRUPDWLRQV RIWHQ LQFOXGH DTXLIHUV ZLWKLQ IUDFWXUHG IUDFWXUHGSRURXV DQG LQ FDUERQDWH URFNV












$TXLIHUV SRVVHVV WZR VLJQLILFDQW SURSHUWLHV 7KH\ FDQ VWRUH WKH
OLTXLG FRQWDLQHG LQ WKHLU YRLGV DQG WUDQVPLW WKDW OLTXLG LQ WKH
SUHVHQFH RI DSSURSULDWH JUDGLHQWV 7KHVH SURSHUWLHV DUH
FKDUDFWHULVHG E\ WKH K\GUDXOLF SDUDPHWHUV VWRUDWLYLW\ DQG
WUDQVPLVVLYLW\ 7KHVH WZR SURSHUWLHV DUH UHVSRQVLEOH IRU WKH
GLVWULEXWLRQ RI SUHVVXUH LQ WKH DTXLIHU 7KHUH DUH QXPHURXV
PHWKRGV DYDLODEOH IRU HYDOXDWLQJ WKH K\GUDXOLF SURSHUWLHV RI DQ
DTXLIHU7KHPRVWFRPPRQO\XVHGDTXLIHUWHVWVDUHSXPSLQJWHVWV








,QRUGHU WREHDEOH WRGHILQHERWKK\GUDXOLFSURSHUWLHV WUDQVLHQW
HYDOXDWLRQ RI SXPSLQJ WHVW GDWD LV UHTXLUHG +RZHYHU WKH
HYDOXDWLRQ LV UHQGHUHG PRUH GLIILFXOW EHFDXVH ZKHUH VPDOO
SXPSLQJWHVWVDUHFDUULHGRXWRQGHHSDTXLIHUVZHOOERUHVWRUDJH
DQGVNLQHIIHFWFDQLQIOXHQFHWKHUHVXOWV,WLVWKHUHIRUHLPSRUWDQW
WR HYDOXDWH DQG DQDO\VH WKH SXPSLQJ WHVW GDWD QRW RQO\
QXPHULFDOO\EXWDOVRE\SORWWLQJ7KHDQDO\VLVRISORWVRIWKHOLQHV
RIZDWHUOHYHOGHFOLQHDQGUHFRYHU\SHUPLWLQIOXHQFLQJIDFWRUVDQG
FLUFXPVWDQFHV WR EH LGHQWLILHG DQG DSSURSULDWHO\ WDNHQ LQWR
DFFRXQWRUHOLPLQDWHG
,I WKH DTXLIHU IUDFWXUHV DUH ILQH DQG HYHQO\ GLVWULEXWHG
KRPRJHQHRXV DQG DQLVRWURSLF DQG WKH IORZ LV ODPLQDU WKH
PHWKRGVGHYHORSHGIRUSRURXVDTXLIHUVFDQEHDSSOLHG+RZHYHU
LQWKHFDVHRIVSHFLILFIUDFWXUHSDUDPHWHUVVSHFLDOPHWKRGVFDQEH
FDOOHG XSRQ ,Q WKH ERUH KROHV LQYHVWLJDWHG WKHVH IUDFWXUH
SDUDPHWHUV FRXOG RQO\ EH GHILQHG WR D OLPLWHG H[WHQW ZLWK WKH
UHVXOW WKDW LQPRVW FDVHV WKH VLPSOHVW DTXLIHUPRGHOV KDG WR EH
XVHG7KHHYDOXDWLRQVSUHVHQWHGZHUHFDUULHGRXWXVLQJ$TWHVROY
VRIWZDUH DQG DSSOLFDWLRQRI WKHSURFHGXUHRI7KHLV&RRSHU DQG










QJ+6 EDU uuuu   
ZKHUH + WKLFNQHVV P J JUDYLWDWLRQDO DFFHOHUDWLRQ PV U
ZDWHU GHQVLW\ NJP D URFN FRPSUHVVLELOLW\ 3D E ZDWHU
FRPSUHVVLELOLW\3DQSRURVLW\
8VLQJHTXDWLRQ  WKH WKLFNQHVVZDVHYDOXDWHG WKURXJK WKH
FRPELQHGXVHRIERUHKROHPHDVXUHPHQWV7KHSRURVLW\ZDVDOVR
GHULYHG HLWKHU DOVR IURP ERUHKROH PHDVXUHPHQWV RU ODERUDWRU\
H[SHULPHQWV RQ FRUH VDPSOHV 7KH ZDWHU FRPSUHVVLELOLW\ LV
GHILQHGDVDIXQFWLRQRIWHPSHUDWXUHDQGSUHVVXUHERWKRIZKLFK
DUH DYDLODEOH IURP ERUHKROH PHDVXUHPHQWV 7KH URFN
FRPSUHVVLELOLW\FRXOGRQO\EHGHULYHGIURPFRPSUHVVLRQWHVWVLQD
IHZFDVHVDQGLQWKHHYHQWWKDWQRPHDVXUHPHQWVZHUHDYDLODEOH







D HTXDWLRQ JRYHUQV WKHSURSDJDWLRQRI FKDQJHV LQK\GUDXOLF









     
ZKHUH66VSHFLILFVWRUDJHPNK\GUDXOLFFRQGXFWLYLW\PV.
SHUPHDELOLW\ P EWRW WRWDO DTXLIHU FRPSUHVVLELOLW\ 3D P
DEVROXWHYLVFRVLW\NJPV
)URPHTXDWLRQ  LW LVHYLGHQW WKDW WKHK\GUDXOLFGLIIXVLYLW\
DQG VR WKHSURSDJDWLRQRI FKDQJHV LQK\GUDXOLFKHDGGHSHQGRQ
WKH SHUPHDELOLW\ RYHUDOO FRPSUHVVLELOLW\ RI WKH DTXLIHU DQG
DEVROXWH YLVFRVLW\ RI WKHZDWHU )RU SUHVVXULVHG DTXLIHUV KDYLQJ
VLPLODU KLVWRULHV RI JHRORJLFDO IRUPDWLRQ VWUXFWXUHV DQG
FRPSRVLWLRQV WKHK\GUDXOLF GLIIXVLYLW\ VKRXOGEH DSSUR[LPDWHO\







%\ ZD\ RI DQ H[DPSOH WKH HYDOXDWLRQ RI WKH /lQJHQIHOG
7KHUPDOZHOOLVSUHVHQWHGKHUH,QWKHDUHDRIWKHDTXLIHURSHQ
KROH EHWZHHQ  DQG P79' HFORJLWH RUWKRJQHLVV DQG
DPSKLEROLWHDUHWREHIRXQG7KURXJKWKHERUHKROHPHDVXUHPHQWV
WKHZDWHUEHDULQJVWUDWDZHUHVDPSOHGRYHUDWRWDOYHUWLFDOUDQJH
RI P 3XPSLQJ WHVWV RQH VKRUW GD\V DQG RQH ORQJ
GD\VZHUHHYDOXDWHG
$QDO\VLVRIUHFRYHU\WHVWDIWHUWKHVKRUWSXPSLQJWHVWDOORZHG
WKH ZHOOERUH VWRUDJH RI WKH ZHOO WR EH LGHQWLILHG DQG WKH


WUDQVPLVVLYLW\ WR EH FDOFXODWHG DW 7 îPV 7KLV ZDV
WDNHQ LQWR DFFRXQW GXULQJ HYDOXDWLRQ RI WKH ORQJ SXPSLQJ WHVW
XVLQJ WKH PHWKRG RI 3DSDGRSXORV DQG &RRSHU \LHOGLQJ WKH
WUDQVPLVVLYLW\ 7 îPV DQG WKH VWRUDJH FRHIILFLHQW
6 îPV 7KH ODWWHU YDOXH DJUHHV ZHOO ZLWK WKDW
FDOFXODWHGIURPWKHDTXLIHUFRPSUHVVLELOLW\

)LJXUH  (YDOXDWLRQ RI WKH UHFRYHU\ WHVW DIWHU WKH VKRUW
SXPSLQJWHVW7KHLVPHWKRG

)LJXUH  (YDOXDWLRQ RI WKH ORQJ WHUP SXPSLQJ WHVW
FRQVLGHULQJ ZHOOERUH VWRUDJH 3DSDGRSXORV DQG &RRSHUV
PHWKRG

%HFDXVH QR FRUH VDPSOHVZHUH DYDLODEOH IURP WKH ERUHKROH
WKH VWRUDWLYLW\ ZDV FDOFXODWHG E\ HVWLPDWLQJ WKH URFN
FRPSUHVVLELOLW\ DFFRUGLQJ WR HTXDWLRQ  XVLQJ WKH YDOXHV
+ P Q  7 & S EDU U NJP
E îP1D îP1 JQHLVV DIWHU 6WREHU
7KLV\LHOGHGDVWRUDWLYLW\RI6 î
'HWDLOHG LQYHVWLJDWLRQV SXPSLQJ WHVWV ERUHKROH
PHDVXUHPHQWVODERUDWRU\WHVWVRQFRUHVDPSOHVZHUHFDUULHGRXW
RQ WKH 5|PHUTXHOOH ZHOOV 54 ( DQG 54( :LWKLQ WKH
DTXLIHU DUHD RI WKHVH ERUHKROHV ZHUH IRXQG FRPSDFW NDUVWLILHG
DQG IUDFWXUHGGRORPLWHVDQGFRQJORPHUDWHV7KHSRURVLWLHVZHUH
HYDOXDWHGE\PHDQVRIERUHKROHPHDVXUHPHQWVQHXWURQSRURVLW\
GRORPLWH SRURVLW\ DQG FRUH WHVWV LQ WKH ODERUDWRU\ 8QLD[LDO
SUHVVXUH WHVWV ZHUH DOVR FDUULHG RXW 7KH UHVXOWV RI WKH
LQYHVWLJDWLRQVDQGWKHK\GUDXOLFSDUDPHWHUVFDOFXODWHGIURPWKHP
DUHVXPPDULVHGLQ7DE
7KHUH ZDV YHU\ JRRG DJUHHPHQW EHWZHHQ WKH VWRUDWLYLWHV




















7KH WUDQVPLVVLYLWLHV RI WKH IUDFWXUHG DTXLIHUV LQYHVWLJDWHG OLH
JHQHUDOO\EHWZHHQDQGPV7KHKLJKHVWWUDQVPLVVLYLWLHV
DUH WR EH IRXQG DPRQJ WKH FDUERQDWH PDOP DTXLIHUV LQ WKH
0RODVVHEDVLQRI/RZHU%DYDULD8SSHU$XVWULDZKLOVWWKHORZHVW
RFFXU DPRQJ WKH FU\VWDOOLQH DTXLIHUV LQ WKH TXDU]LWHV RI WKH
HDVWHUQIRRWKLOOVRIWKHFHQWUDO$OSV
7KHFDOFXODWHGPHDQYDOXHVRIWUDQVPLVVLYLW\FRYHUDUDQJHRI
RQO\ r ZKHUH WKH YDU\LQJ HIIHFWV RI DUHDV FORVH WR RU
GLVWDQW IURP WKH VHQVRU VKRXOG EH GLVWLQJXLVKHG DQG DQ\ VNLQ
HIIHFW WDNHQ LQWRDFFRXQWZKHUHDV WKHVWRUDWLYLWLHVFDOFXODWHGE\
YDULRXVPHWKRGVRIWHQFRYHUDUDQJHRIWZRRUGHUVRIPDJQLWXGH
IRUPRVWERUHKROHV





7KH 0DOP DTXLIHUV RI WKH 0RODVVH EDVLQ JHQHUDOO\ H[KLELW D
VLJQLILFDQWO\ KLJKHU K\GUDXOLF GLIIXVLYLW\ EHWZHHQ  DQG
PVDWWULEXWDEOHWRKLJKWUDQVPLVVLYLW\DVVRFLDWHGZLWKWKH
KLJK GHJUHH RI NDUVWLILFDWLRQ 7KH K\GUDXOLF GLIIXVLYLW\ RI WKH
NDUVWLILHG GRORPLWH DTXLIHUV RI WKH 5|PHUTXHOOH ERUHKROHV OLHV
EHWZHHQDQGPVWKXVEHLQJEHWZHHQWKDWRIWKHFDUERQDWH
DTXLIHUV RI WKH *UD] 3DODHR]RLF DQG WKH 0DOP DTXLIHUV RI WKH
0RODVVH EDVLQ 7KH QRQIUDFWXULQJ WHUWLDU\ VDQGVWRQH DTXLIHUV
KDYH K\GUDXOLF GLIIXVLYLWLHV DSSUR[LPDWHO\ WKH VDPH DV WKRVH RI
WKH3DODHR]RLFFDUERQDWHDTXLIHUVLQWKHVDPHDUHDPV






ùHQ =  $SSOLHG +\GURJHRORJ\ IRU 6FLHQWLVWV DQG
(QJLQHHUV/HZLV3XEOLVKHUV%RFD5DWRQSS
6LQJKDO %%6 *XSWD 53  $SSOLHG +\GURJHRORJ\ RI
)UDFWXUHG 5RFNV .OXZHU $FDGHPLF 3XEOLVKHUV 'RUGUHFKW
%RVWRQ/RQGRQSS
6WREHU,6WU|PXQJVYHUKDOWHQLQ)HVWJHVWHLQVDTXLIHUHQPLW
+LOIH YRQ 3XPS XQG ,QMHNWLRQVYHUVXFKHQ *HRO -E 5HLKH &
+HIW+DQQRYHU
'H 0DUVLO\ *  4XDQWLWDWLYH K\GURJHRORJ\ $FDGHPLF
3UHVV6DQ'LHJRSS




















































































0DMRULW\ RI WKH DTXLIHUV LQ WKH 1RUWKHUQ 7HUULWRU\ 1 7 RI
$XVWUDOLD DUH LQ WKH3URWHUR]RLF DJH IUDFWXUHG URFNV DQGPRVWO\
DUHQRQFDUERQDWH7KHUHIRUHLWVLPSRUWDQFHLVYHU\KLJKDQGRQH
VXFK FDVH LV WKH $GHODLGH 5LYHU 7RZQVKLS VLWXDWHG EHVLGH WKH
$GHODLGH 5LYHU DQG WKXV LWV QDPH ,W LV DERXW  NP VRXWK RI
'DUZLQ WKH FDSLWDO RI WKH1 7 7KH$GHODLGH5LYHU 7RZQVKLS
EHFDPH D PDMRU DUP\ HQFDPSPHQW FHQWUH DQG KRVSLWDO ]RQH
GXULQJWKH6HFRQG:RUOG:DU/RFDWLRQLVVKRZQLQWKH)LJ,WV
SRSXODWLRQLVDERXW
&OLPDWH LV WURSLFDO ZLWK WZR GLVWLQFW VHDVRQV ±'U\ FRROHU
SHULRG	:HWUDLQ\SHULRGDQGWKHWHPSHUDWXUHUDQJHVIURP
WR & ,W UDLQV RQO\ LQ WKH:HW6HDVRQ EHWZHHQ2FWREHU DQG
0D\ZLWKDQDYHUDJHRIPPSHUDQQXPRIZKLFKDERXW
UHFKDUJHV WKH DTXLIHUV 7KH SDQ HYDSRUDWLRQ LV DERXW PP
SHU\HDULHPPSHUGD\
)HZERUHVZHUHGULOOHGE\WKH$UP\GXULQJWKH6HFRQG:RUOG
:DU DQG ODWHU E\ WKH :DWHU 5HVRXUFHV 'LYLVLRQ RI WKH 1 7
*RYHUQPHQW IRU ORFDO XVH9HU\ KLJK FRQWHQWV RI0Q DQG)H LQ
WKH JURXQGZDWHU KDYH UHVWULFWHG WKH XVH RI ZDWHU 7KH









ZHUHVLWHGZLWKFDXWLRQ WRDVVXUH WKDW WKH\ZHUHQRW LQWKHPDLQ
IDXOWVIUDFWXUHV EHFDXVH LW KDV EHHQ VHHQ IURP WKH SDVW
H[SHULHQFHV WKDW WKH\LHOG LQ WKHKLJKO\ IUDFWXUHGDQGZHDWKHUHG
URFNVDUHYHU\ORZWRQLOGXHWRXVXDOSUHVHQFHRIFOD\H\PDWHULDOV
LQVXFKFRQGLWLRQV









7KH DUHD OLHV ZLWKLQ WKH 3LQH &UHHN *HRV\QFOLQH LQ ZKLFK WKH
VHGLPHQWV KDYH JRQH XQGHU LQWHQVH IROGLQJ IDXOWLQJ XSOLIWLQJ




 P GHHS EJO EHORZ WKH JURXQG OHYHO 7KH %XUUHOO &UHHN





'XULQJ WKH  LQYHVWLJDWLRQ FDUH ZDV WDNHQ LQ VLWLQJ RI
ERUHV WR DYRLGPDMRU IDXOWV DQGRU IUDFWXUHV LQZKLFK URFNV DUH
IRXQGJHQHUDOO\ZHDWKHUHGDQGFOD\H\,WDOVRKHOSHGNHHSLQJWKH







,Q WKH :HW 6HDVRQ WKH JURXQGZDWHU IORZ LV WRZDUGV WKH ULYHU
ZHVWKRZHYHUGXH WRKLJKZDWHU OHYHOV LQ WKHPLGGOHSDUW WKH
IORZLVWRWKHHDVWDOVRRQWKHH[WUHPHHDVWHUQUHJLRQ
7KHPRGHOOLQJLQWKHVKHDU]RQHZDVGLIILFXOWEXWDIWHUWU\LQJ
GLIIHUHQW PHWKRGV WKH ,PDJH :HOO 7KHRU\ XVLQJ WKH :KLS
0RGHOOLQJSURJUDPZDVIRXQGWREHWKHEHVWILWIRUWKHERXQGDU\
FRQGLWLRQ $ WRWDO ZDWHU VXSSO\ RI  N/GD\  /V ZDV
UHTXLUHGIRUWKHSURMHFWHGSRSXODWLRQRILQ,WPHDQWWKDW
N/GD\/VZDVQHHGHGWRDXJPHQWWKHH[LVWLQJVXSSO\
$ VHULHV RI ERUHV ZHUH GULOOHG LQFOXGLQJ REVHUYDWLRQ ERUHV
$LUOLIWHG\LHOGVZHUHXSWR/V+RZHYHULWVKRXOGEHQRWHG
WKDWDVDUXOHRIWKXPEWKHVXVWDLQDEOH\LHOGIURPIUDFWXUHGURFN




SXPSLQJ UDWHZDV UHFRPPHQGHG WR EH  /V IRU HDFK ERUH WR
DFKLHYHWKHZDWHUVXSSO\GHPDQG
:KLSPRGHOOLQJSURJUDPZDVXVHG WRFRPSDUH WR WKH7KHLVV
FXUYH DQG WKHQ XVHG WKH -DFRE ± &RRSHU VHPLORJ DQDO\VLV WR
GHWHUPLQH YDOXHV RI7	67UDQVPLVVLYLW\ LQ WKH IUDFWXUHVZDV
IRXQGWREHGLIIHUHQW LQWKHVWULNH XSWRPG WRWKHDFURVV
VWULNH GLUHFWLRQ XS WR  PG %\ UHGXFLQJ WKH VXUJH RU







ZDVKLQJJHWEODFNLVK'ULQNLQJZDWHU LQ WKH WDSDOVRJHWVEODFN
7KH0QDQG)HORRNDZIXOIRUWKHFRRNLQJSXUSRVHWKRXJKWKH\
DUHDHVWKHWLF









I 6WDUW SXPSLQJ ZLWK OHVV VXUJH DQG
WXUEXOHQFHDQG
J+DYHWZRVHSDUDWHZDWHUPDLQV±WKH









.HLWK 0DUWLQ IRU WKHLU LQJHQXLW\ LQ
JHRSK\VLFDOVXUYH\ WRPDSWKHVKHDU]RQH
7KDQNV WR 'ULOOLQJ 6XSHUYLVRU %ULDQ





)XUQHVV &3  +\GURJHRSK\VLFDO
5HSRUW RI $GHODLGH 5LYHU 5HSRUW 1R
 3RZHU $QG :DWHU $XWKRULW\
'DUZLQ17$XVWUDOLD
.XQGLH%'ULOOLQJVXSHUYLVRURIWKH
$GHODLGH 5LYHU 7RZQVKLS *URXQGZDWHU
6XSSO\ $XJPHQWDWLRQ ,QYHVWLJDWLRQ
5HSRUW 1R  :DWHU 5HVRXUFHV
'LYLVLRQ 3RZHU $QG :DWHU $XWKRULW\
'DUZLQ17$XVWUDOLD
3URZVH *  $GHODLGH 5LYHU :DWHU
6XSSO\ ,QYHVWLJDWLRQ RI *URXQGZDWHU
5HVRXUFHV 5HSRUW 1R  :DWHU
5HVRXUFHV 'LYLVLRQ 'HSW RI 0LQHV
	(QHUJ\'DUZLQ17$XVWUDOLD
9HUPD 01 0DUWLQ . 3LGVOH\ ' 
$GHODLGH 5LYHU 7RZQVKLS *URXQGZDWHU
6XSSO\ $XJPHQWDWLRQ ,QYHVWLJDWLRQV
5HSRUW 1R  :DWHU 5HVRXUFHV
'LYLVLRQ 3RZHU $QG :DWHU $XWKRULW\
'DUZLQ17$XVWUDOLD
:HOO +\GUDXOLFV ,QWHUSUHWDWLRQ 3URJUDP
:+,39HUVLRQ +\GUR*HR&KHP















$ E V W U D F W   7KH&DUQPHQHOOLVJUDQLWHRXWFURSLQ6:(QJODQGKDVEHHQWKHVXEMHFWRIDQXPEHURIK\GURJHRORJLFDOLQYHVWLJDWLRQV
RYHUPDQ\\HDUV7KLVSDSHUVHWVRXWWRUHYLHZWKHGDWDDYDLODEOHRQWKHUDQJHGLVWULEXWLRQDQGYDULDWLRQRIK\GUDXOLFFRQGXFWLYLW\RI
WKHJUDQLWHEDVHGRQLQIRUPDWLRQGUDZQIURPDQXPEHURIVWXGLHVDQGVRXUFHV7KHXSSHUPWRPRIWKHJUDQLWHDUHKLJKO\WR







7KH &DUQPHQHOOLV JUDQLWH IRUPV D SODWHDX WR P DERYH
VHD OHYHO 7KH RXWFURS LV DOPRVW FLUFXODU LQ SODQ  WR  NP
GLDPHWHUDQGFRYHULQJDQDUHDRINP,WLVORFDWHGLQWKHVRXWK
ZHVWSHQLQVXODURI&RUQZDOO DQG LWVERXQGDULHV DUHZLWKLQNP
RIWKHVRXWKFRDVWNPRIWKHQRUWKFRDVWDQGDERXWNPIURP










  7KH JUDQLWH LV JHQHUDOO\ FRDUVH JUDLQHG WKRXJKPHGLXP
WRFRDUVHJUDLQHGWRZDUGWKHFHQWUHRIWKHRXWFURSDQGZLWKVRPH





7HUWLDU\ WLPHV ZDV LQIOXHQFHG E\ 1:6( WUHQGLQJ IHDWXUHV






  7KH PRVW FRPPRQ VHW RI VWHHSO\ GLSSLQJ MRLQWV WUHQG
11: DQG (1( SDUDOOHO WR PDMRU IDXOWV DQG PLQHUDO ORGHV
UHVSHFWLYHO\ DQG D VXERUGLQDWH SDLU WUHQG :1: DQG 11(
(GPXQGVHWDO,QWKHXSSHUPRVWPRUVRKRUL]RQWDO






$YHUDJH DQQXDO UDLQIDOO YDULHV IURP P SHU \HDU DURXQG WKH
SHULPHWHU RI WKH RXWFURS WR  P SHU \HDU DW WKH FHQWUH )RXU
PDLQ ULYHUV WKH 5HG .HQQDO .HQZ\Q DQG &REHU GUDLQ WKH
SODWHDX RXWZDUG IURP WKH FHQWUH 7KH FRXUVHV RI HDFK RI WKHVH
ULYHUV IROORZ PDMRU IDXOW OLQHV DQG OLQHDPHQWV LQ WKH JUDQLWH
7KUHH SXEOLF VXSSO\ UHVHUYRLUV DUH ORFDWHG RQ WKH RXWFURS
LPSRXQGHGE\GDPV7KHULYHUVWHQGWRVKRZYHU\KLJKEDVHIORZ
LQGLFHV RI DURXQG  7KLV LV SUREDEO\ GXH WR WKH KLJK




7KH &DUQPHQHOOLV JUDQLWH LV FODVVLILHG DV EHLQJ D PLQRU
DTXLIHU ORFDOO\ LPSRUWDQW IRU VRPH SULYDWH VXSSOLHV 7KH ZDWHU
WDEOH LV UDUHO\PRUH WKDQPEHORZ WKHJURXQG VXUIDFHDQG LV
FRQVWUDLQHGE\PLQHZRUNLQJVVSULQJVDQGWKHOHYHOVRIVWUHDPV
DQGULYHUV%RUHKROH\LHOGVUDUHO\H[FHHGPGD\DQGDYHUDJH














KRUL]RQWDO GUDLQDJH WXQQHOV ERUHG IURP WKH ORZHVW QHDUE\
ORFDWLRQVLQULYHUYDOOH\VWRLQWHUVHFWPLQHUDOULFKORGHVDQGGUDLQ





  :KLOVW ZDWHU DERYH DGLW OHYHO WHQGV WR SURYLGH D IDLUO\
GLIIXVH IUDFWXUH LQIORZ GHHSHU VHHSV WHQG WR EH FRQWUROOHG E\
PDMRUIUDFWXUHVDORQJGLVFRQWLQXLWLHVDQGPDMRUIDXOW]RQHV




UDWHV IURP GLIIHUHQW OHYHOV LQ WKHPLQHZHUH DV IROORZV P
GHSWK /VPGHSWK /VPGHSWK 
/VPGHSWK /V7KHUDQJHVTXRWHGDERYHUHIOHFW














&60  WKRXJK WKLV ZDV LQFUHDVHG E\ GHOLEHUDWH









  6L[ ERUHKROHV ZHUH GULOOHG LQ WKH TXDUU\ ZLWKLQ D IORRU
DUHDRIMXVWPE\P)RXURIWKHVHZHUHSDFNHUWHVWHGXVLQJ
PVHFWLRQV WKUHHZHUH WHVWHG WRDERXWPGHSWKZKLOVW WKH
IRXUWKZDVWHVWHGWRPGHSWK7KHUHVXOWVDUHVKRZQLQILJ
7KH\JHQHUDOO\VKRZK\GUDXOLFFRQGXFWLYLWLHVLQWKHUDQJHWR
 PV ZLWK  WR  PV EHLQJ PRUH W\SLFDO ,W LV ZRUWK































5HFHQWO\ K\GURJHRORJLFDO LQYHVWLJDWLRQV KDYH WDNHQ SODFH LQ
UHODWLRQWRWKHSURSRVHGFRQYHUVLRQRIDTXDUU\LQWKHVRXWKZHVW
RI WKH JUDQLWH WR D ODQGILOO VLWH ,Q FRQQHFWLRQ ZLWK WKH
K\GURJHRORJLFDO DVVHVVPHQW RI WKH VLWH D QXPHULFDO PRGHO RI
JURXQGZDWHU IORZ LQ WKH UHJLRQ DURXQG WKH TXDUU\ ZDV
FRQVWUXFWHG DQG FDOLEUDWHG DJDLQVW SLH]RPHWHU PRQLWRULQJ GDWD
XQSXEOLVKHG E\ WKH DXWKRU 7KH PRGHO VLPXODWHG WKH QHDU
VXUIDFH PRYHPHQWV RI JURXQGZDWHU ZLWKLQ WKH FDWFKPHQW DUHD
DURXQG WKH TXDUU\ EHWZHHQ ERXQGDULHV JHQHUDOO\ SURYLGHG E\
ULYHUV\VWHPVDQGLQVWHDG\VWDWHRQO\
  $QDUHDOUDLQIDOOUHFKDUJHUDWHRIP\HDUZDVXVHG
WKLV YDOXH RI PPGD\ LV JHQHUDOO\ DFFHSWHG DV D UHDVRQDEOH
JURXQGZDWHU UHFKDUJH UDWH IRU 6RXWKHUQ (QJODQG DV DQ
DSSUR[LPDWHJXLGH%\WULDODQGHUURUDVDWLVIDFWRU\ILWZLWKILHOG
GDWD ZDV REWDLQHG XVLQJ D WZROD\HU PRGHO ZLWK D  P WKLFN
XSSHU OD\HU LH H[WHQGLQJ PEHORZ WKH VXUIDFH WRSRJUDSK\










7KH K\GUDXOLF FRQGXFWLYLW\ RI WKH JUDQLWH DTXLIHU PD\ EH





WKH JUDQLWH 7KLV ]RQH PD\ EH YLUWXDOO\ DEVHQW RU  WR  P LQ
GHSWK ,WV KLJKSHUPHDELOLW\SURPRWHVJURXQGZDWHU UHFKDUJHEXW




)ORZ KHUH LV VHFRQGDU\ WKURXJK IUDFWXUHV EXW FDQ JHQHUDOO\ EH
GHVFULEHGDVGLIIXVH7KLV]RQHH[WHQGVIURPVXUIDFHRUWKHEDVH
RI ]RQH  WR EHWZHHQ  DQG  P GHSWK 7KH K\GUDXOLF
FRQGXFWLYLW\ LV JHQHUDOO\ EHWZHHQ DQGPV7KLV LV WKH




7KLV ]RQH H[WHQGV IURP WKH EDVH RI =RQH  WR DURXQG D IHZ
KXQGUHG PHWUHV GHSWK 7KH K\GUDXOLF FRQGXFWLYLW\ LV JHQHUDOO\
DURXQG WRPVWKRXJKUHJLRQVRIERWKKLJKHUDQGORZHU





SXUSRVHV WKLV ]RQH PD\ EH FRQVLGHUHG LPSHUPHDEOH WKH
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&60 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K\GURJHRORJLFDO K\GURJHRFKHPLFDO DQG JHRWKHUPDO
FKDUDFWHULVWLFV%ULWLVK*HRORJLFDO6XUYH\0DS
+HDWK0- *HRORJLFDO FRQWURO RI IUDFWXUH SHUPHDELOLW\ LQ
WKH &DUQPHQHOOLV JUDQLWH &RUQZDOO LPSOLFDWLRQV IRU
UDGLRQXFOLGHPLJUDWLRQ0LQHUDORJLFDO0DJD]LQH
+HDWK0- DQG 'XUUDQFH (0  5DGLRQXFOLGH PLJUDWLRQ LQ
IUDFWXUHG URFN+\GURORJLFDO LQYHVWLJDWLRQVDW DQH[SHULPHQWDO
VLWH LQ WKH&DUQPHQHOOLVJUDQLWH&RUQZDOO&RPPLVVLRQRI WKH
(XURSHDQ&RPPXQLWLHV1XFOHDUVFLHQFHDQGWHFKQRORJ\(85
(1
2VPDQ &:  7KH JUDQLWHV RI WKH 6FLOO\ ,VOHV DQG WKHLU
UHODWLRQ WR WKH 'DUWPRRU *UDQLWH 4XDUWHUO\ -RXUQDO RI WKH
*HRORJLFDO6RFLHW\RI/RQGRQ
3DUNHU 5+  +RW GU\ URFN JHRWKHUPDO HQHUJ\ 3KDVH %
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A b s t r a c t :  Drilling data have highlighted the presence of both porous media aquifers within the weathered profile (shallow and 
Zersatz aquifers) and fractured rock aquifers within the basement rocks and in the overlying weathered profile. A combination of 
barometric efficiency measurements and detailed groundwater level measurements indicate these aquifers are well connected. This 
connection is thought to be due to the presence of geological structures that have been identified within the basement rocks extending 
through the weathered profile. The effects of these fractures on hydrogeological responses are presented. The numerical representation 
of these fractures using the equivalent porous medium (EPM) and discretely fractured porous medium (DFPM) techniques was then 
investigated. The outcome of these investigations have shown that subtle improvements may be possible by using the DFPM technique 
for numerically simulating groundwater flow within fractured porous media environments such as those found within the Augustus 






The study area is the Augustus River catchment located about 
300 km south of Perth (capital city) and about 42 km east of 
Bunbury (nearest major city) in Western Australia (Fig.1). The 
lease boundary of an alumina refinery operated by Worsley 
Alumina Pty Ltd (Worsley) encompasses the study area. 
A combination of characterisation and modelling has 
highlighted that fractures are a significantly component of the 
































Wilkes et al. (2002) have identified a number of aquifers in the 
study area. These include: 
 shallow weathered zone aquifer (shallow aquifer) 
 deep weathered zone aquifer (locally referred to as 
the Zersatz aquifer) 
 fracturing within the bedrock (fractured bedrock 
aquifer). 
  
The conceptual hydrogeological regime of the study area has 
been presented by Wilkes et al. (2002) and is reproduced in Fig.2. 
Of importance is the fracturing of the basement rocks, which is 
associated with quartz veins more commonly along the margins of 
intruded dolerite dykes. The fractured quartz veins are also known 


















Figure 2. Conceptual Hydrogeology 
 
 
HYDROGEOLOGICAL SIGNIFICANCE OF FRACTURES 
 
The identified fractured quartz veins conceptualised in Fig.2 have 
been found to be an important component of the hydrogeology. The 
fractures: 
 modify the distribution of heads along a flow line 
 link the 3 main aquifer systems, such that the entire 
system reacts as an unconfined aquifer 
 promote rapid episodic recharge to the aquifers. 
The change in the distribution of heads within the study area as 
a result of the fractures is conceptualised in Fig.2, which has largely 
been devised by review of over 20 years of groundwater monitoring 
data. The figure shows that the direction of decreasing head with 
depth reverses from downward heads in the upper parts of the 
catchment to upwards heads on the up-gradient side of the fractured 
margins of the dolerite dykes, then reverts to downward head on the 
down-gradient side of the dykes. Fracturing at the base of 
weathering of the dyke prevents groundwater ‘damming up’ behind 
the dyke because the fractures increase the transmissivity and allow 




















VEINS EXTEND TO NEAR
SURFACE
FRACTURED GRANITE




*URXQGZDWHU OHYHO PHDVXUHPHQWV ZHUH FROOHFWHG PHDVXUHG
HYHU\  PLQXWHV IRU DERXW  \HDU IURP D QXPEHU RI ERUHV
LQGLYLGXDOO\VFUHHQLQJHDFKRIWKHWKUHHDTXLIHUV$QH[DPSOHRI
WKLVGDWDLVVKRZQLQ)LJ7KHUHVSRQVHRIHDFKRIWKHDTXLIHUV
WRYDULRXV UDLQIDOO HYHQWV LV DOPRVW LGHQWLFDOGHVSLWH WKH VKDOORZ
DQG =HUVDW] DTXLIHUV EHLQJ VHSDUDWHG E\ PRUH WKDQ  P RI
UHODWLYHO\ORZK\GUDXOLFFRQGXFWLYLW\VDSUROLWHFOD\7KLVW\SHRI
UHVSRQVH FRXOG RQO\ EH REVHUYHG ZLWKLQ D YHU\ ZHOO FRQQHFWHG
XQFRQILQHGDTXLIHUV\VWHP
'XULQJ WKH VXPPHU SHULRGV VXEWOH \HW PHDVXUDEOH
IOXFWXDWLRQVRIWKHJURXQGZDWHUOHYHOZHUHREVHUYLQJRFFXUULQJDV
D UHVXOW RI EDURPHWULF SUHVVXUH FKDQJHV &DOFXODWLRQV UHYHDOHG
YHU\ ORZ EDURPHWULF HIILFLHQFLHV IRU WKH =HUVDW] DQG IUDFWXUHG
URFNDTXLIHUVZKLFKLVLQGLFDWLYHRIXQFRQILQHGDTXLIHUV\VWHPV
)UDFWXUHGTXDUW]YHLQVDUHLQWHUSUHWHGWREHWKHGLUHFWUHVXOWRIWKH





















)LJ VKRZV WKH UDSLG UHVSRQVH RI WKH DTXLIHU V\VWHP WR WKH
ILUVW ZLQWHU UDLQIDOOV PHDVXUHG HYHU\  PLQXWHV 7KH
JURXQGZDWHU OHYHOV ULVH DOPRVW LPPHGLDWHO\ IROORZLQJ WKH
EHJLQQLQJ RI WKH UDLQIDOO HYHQW ZLWK WKH SHDN LQ JURXQGZDWHU
OHYHORFFXUULQJDERXWGD\VDIWHUWKHUDLQHYHQW7KHWLPLQJRI
WKH SHDN UHSUHVHQWV D YHORFLW\ RI DERXW  PGD\ ZKLFK LV
H[WUHPHO\ KLJK IRU DQ XQVDWXUDWHG FOD\ ULFK SURILOH )UDFWXUHV






















,W LV FOHDU IURP WKH DERYH HYLGHQFH WKDW WKH IUDFWXUHV DUH DQ







$Q DVVHVVPHQW RI WKH UHODWLYH SHUIRUPDQFH RI WKH HTXLYDOHQW
SRURXV PHGLD (30 DQG GLVFUHWHO\ IUDFWXUHG SRURXV PHGLD




7KH DUHD FKRVHQ IRU VLPXODWLRQV FRQWDLQHG D GROHULWH G\NH
ZLWKIUDFWXUHGPDUJLQVWKDWFURVVFXWDQH[FDYDWHGWUHQFKWKDWLVLQ
GLUHFW K\GUDXOLF FRQQHFWLRQ ZLWK WKH VKDOORZ DTXLIHU 7KH KHDG
ZLWKLQWKHWUHQFKZDVHOHYDWHGIRUDWUDQVLHQWSHULRGIROORZLQJDQ
LQWHQVH ZLQWHU UDLQIDOO HYHQW 7KH PHDVXUHG WUDQVLHQW UHVSRQVHV
ZLWKLQ WKH WUHQFKDQGGRZQJUDGLHQWPRQLWRULQJERUHVVFUHHQLQJ
HDFKRIWKHDTXLIHUVZHUHXVHGWRFDOLEUDWHHDFKRIWKH(30DQG
')30PRGHOV$Q H[DPSOH RI WKHPHDVXUHG UHVSRQVHZLWKLQ D
ERUHVFUHHQLQJWKHIUDFWXUHDQGWKHFDOLEUDWHVLPXODWLRQXVLQJWKH
(30DQG')30PRGHOVLVVKRZQLQ)LJ
$ FRPSDULVRQ RI WKH FDOLEUDWHG QXPHULFDO VLPXODWLRQV KDV
IRXQG
 DQ DOPRVW LGHQWLFDO FDOLEUDWLRQ WR VWHDG\ VWDWH
JURXQGZDWHU OHYHOV FRXOG EH DFKLHYHG XVLQJ WKH (30
DQG')30PRGHOV
 WKH')30PRGHOVLPXODWHGWKHGUDLQLQJSRUWLRQRIWKH
WUDQVLHQW VLPXODWLRQ D OLWWOH PRUH DFFXUDWHO\ WKDQ WKH
(30PRGHO







































:LONHV 60 &OHPHQW 73 2WWR &-  7KH K\GURJHRORJ\ RI






















































































































































$ E V W U D F W   7KHIUDFWXUHQHWZRUNDQGLWVIUDFWXUHVHWVSUHGRPLQDQWO\GHWHUPLQHWKHSHUPHDELOLW\DQGVWRUDJHFDSDFLW\RIIUDFWXUHG









)RU QXPHULFDOPRGHOOLQJ RI IUDFWXUHG DTXLIHUV LW LV QHFHVVDU\ WR
GHWHUPLQH DQG TXDQWLI\ WKH K\GUDXOLF DWWULEXWHV DQG WKH VSDWLDO
GLVWULEXWLRQ RI WKH IUDFWXUH QHWZRUN  $W VXUIDFHH[SRVXUHV WKH
IUDFWXUH QHWZRUN FDQ EH UHFRUGHGZLWK WKH VFDQOLQHPHWKRG DQG
VXEVHTXHQWO\ VWDWLVWLFDOO\ DQDO\VHG $V D UHVXOW WKH
K\GURJHRORJLFDO HIIHFWLYHQHVVRI WKH LQGLYLGXDO IUDFWXUH VHWVFDQ
EHHVWLPDWHG
6XUIDFHH[SRVXUHV DQG WKHLU IUDFWXUH QHWZRUN DUH
SUHGRPLQDQWO\ LQIOXHQFHG E\ ZHDWKHULQJ DQG VORSH WHFWRQLFV
%RUHKROHVFDQJLYHDQLPSRUWDQWFRPSOHPHQWDU\LQIRUPDWLRQIRU
WKH LQWHUSRODWLRQ RI WKH IUDFWXUH QHWZRUN DQG LWV DWWULEXWHV LQWR
GHSWK,QWKLVZRUNLWLVWULHGWRFRPELQHIUDFWXUHGDWDREVHUYHGDW
DQ H[SRVXUH ZLWK IUDFWXUH GDWD REWDLQHG DORQJ D ERUHKROH WR
LPSURYH WKHHVWLPDWLRQRI D WKUHHGLPHQVLRQDO IUDFWXUHQHWZRUN






7KH FKDUDFWHULVWLFV RI IUDFWXUH VHWV FDQ EH HVWLPDWHG E\ WKH
VWDWLVWLFDO DQDO\VLV RI  IUDFWXUH DWWULEXWHV  OLNH WUHQG SOXQJH DQG
WKH IUHTXHQF\ RI IUDFWXUHV DQG OLNH DYHUDJHG DSHUWXUH OHQJWK
OLQHDU GHJUHH RI VHSDUDWLRQ DQG WKH WHUPLQDWLRQ RI WKH IUDFWXUHV
,650  7KH WHUP IUDFWXUH LV GHILQHG DV DQ\ VLJQLILFDQW
PHFKDQLFDO EUHDNRI QHJOLJLEOH WHQVLOH VWUHQJWK LQ D URFN 3ULHVW




,Q WKH DUHD RI .RUDOP $XVWULD WKH H[SRVXUH .25 DQG WKH
GULOOLQJ7%ZHUHVHOHFWHGIRUDQDO\VLQJWKHPRGLILFDWLRQRI
WKH IUDFWXUH QHWZRUN LQWR GHSWK %RWK EHORQJ WR WKH VDPH
JHRORJLFDO XQLW 6WDLQ]HU 3ODWWHQJQHLV ZLWK WKH VDPH WHFWRQLF
VWUHVV UHJLPH7KHVFDQOLQHVDPSOLQJ WHFKQLTXHZDVDSSOLHGIRU
WKH GDWD UHFRUGLQJ $W .25  IUDFWXUHV DQG WKHLU DWWULEXWHV
ZHUHUHFRUGHGDORQJVFDQOLQHVZLWKDWRWDOOHQJWKRIP
,Q DGYDQFH WR WKH VWDWLVWLFDO DQDO\VLV VRPH LQKHUHQW ELDVHV
KDYHWREHFRUUHFWHGE\ZHLJKWLQJVDQGHVWLPDWLRQV7KLVLQFOXGHV
ELDVHV FDXVHG E\ D WKH VDPSOLQJ WHFKQLTXH LWVHOI .XOLWXODNH HW
DO  %lXPOH HW DO  E WKH LPPHDVXUDEOH DWWULEXWHV
DSHUWXUHOHQJWKRIIUDFWXUHVORFDWHGDWWKHH[SRVXUHIDFHDQGF
WKH YDU\LQJ RULHQWDWLRQ RI VFDQ OLQHV WR WKH RULHQWDWLRQ RI WKH
IUDFWXUHV7KHUHIRUHWKHPD[LPXPWUDFHOHQJWKZDVVWDQGDUGL]HG
ZLWK  PHWUHV DQG WKH PD[LPXP DYHUDJHG DSHUWXUH ZLWK 
FHQWLPHWUH GHGXFHG E\ H[LVWLQJ GDWD 7KH IUDFWXUHV ZHUH
VWDQGDUGL]HGE\WKHLUDQJOHEHWZHHQWKHIUDFWXUHDQGWKHVFDQOLQH
7KHLPPHDVXUDEOHIUDFWXUHVDWWULEXWHVRQWKHH[SRVXUHIDFHZHUH




&OXVWHU DQDO\VLV DWWDFK REMHFWV LQ WKLV FDVH IUDFWXUHV WR JURXSV
GHSHQGLQJ RQ WKHLU GLVWDQFH )UDFWXUHVZLWKLQ RQH JURXS KDYH D
ORZ³GLVWDQFH´DQGWKHLUDWWULEXWHVVKRXOGEHVLPLODU7KHGLVWDQFH
EHWZHHQ WZR JURXSV VKRXOG EH DV ODUJH DV SRVVLEOH 7KXV WKH
VWUXFWXUDOJHRORJLFDODQGK\GUDXOLFUHOHYDQWGDWDRI IUDFWXUHV DUH
VWDWLVWLFDOO\ FRPELQHG +DUXP HW DO  7KH WZR GLIIHUHQW
JURXSV RI DWWULEXWHV VKRXOG EH LQWHJUDWHG LQ WKH GLVWDQFH
FDOFXODWLRQV 6R IRU WKH FDOFXODWLRQV WKH ³PL[HG GLVWDQFH´ ZDV
WDNHQDQGIXUWKHURQIRUWKHFOXVWHULQJHLWKHUKLHUDUFKLFDORUIX]]\
FPHDQFOXVWHULQJ+DUXPHWDOZDVXVHG
%DVHG RQ WKH UHVXOWV RI WKH FOXVWHULQJ LW ZDV SRVVLEOH WR
HVWLPDWH WKH IUDFWXUH VHW YROXPHV DVVXPLQJ WKDW WKH DYHUDJHG
DSHUWXUHDQGWKHOLQHDUGHJUHHRIVHSDUDWLRQFRQWLQXHLQWRWKHURFN
PDVV DV WKH\ DUH UHFRUGHG RQ WKH VXUIDFH 7KH FOXVWHULQJ RI






%HFDXVH RI LWV OLQHDU FKDUDFWHU D ERUHKROH FDQ EH UHJDUGHG DV D
VFDQ OLQH LQWR GHSWK %RUHKROH 7% ZDV H[SORUHG ZLWK DQ
DFRXVWLFDO ERUHKROH VFDQQHU DQG GHWDLOHG FRUH DQDO\VLV 7KH
FRPELQDWLRQ RI WKHVH LQYHVWLJDWLQJ PHWKRGV HQKDQFHG WKH GDWD





WKH VDPH 6R WKH IUDFWXUH QHWZRUN DORQJ WKH ERUHKROH ZDV











.25     
6HF     
6HF     
6HF     
6HF     
6HF     

,Q HDFK VHFWLRQ RI WKH ERUHKROH WKH FOXVWHUV KDYH









EHORZ PHWUHV DQG DW WKH VXUIDFH 7R JHW DOVR GDWD EHWZHHQ
 PHWUHV DQG WKH VXUIDFH D GLVFUHWH IUDFWXUH QHWZRUN LV
JHQHUDWHGZLWKWKHVRIWZDUH)UDFPDQ'HUVKRZLW]HWDODQG
 EDVHG RQ WKH GDWD RI 7% DQG .25 7KH PRGHO
UHJLRQ LV GLPHQVLRQHG E\ D VODE ZLWK  [  [  PHWUHV
VXUURXQGLQJ7%7KHIUDFWXUHQHWZRUNPRGHOZDVFDOLEUDWHG
LWHUDWLYHO\ VWDUWLQJ ZLWK D SRO\QRPLDO IXQFWLRQ GHVFULELQJ  WKH
UHGXFWLRQ RI WKH IUDFWXUH VHW YROXPHV FRUUHODWHG WR GHSWK E\
FRPSDULQJ WKH FRPSXWHG DQG WKH REVHUYHG IUDFWXUH DWWULEXWHV DW
WKHWRSRIWKHVODEDQGLQGHSWKVEHORZPHWUHV,QDGGLWLRQWR
WKH H[LVWLQJ GDWD 7DE IXUWKHU FOXVWHUV DQG WKHLU YROXPHV DUH
FDOFXODWHGLQWKHGHSWKVRIDQGPHWUHV7KHPRVW
VDWLVI\LQJ ILW FRXOG EH REWDLQHG ZLWK DQ H[SRQHQWLDO IXQFWLRQ
)LJ 7KH GDWD RI WKH ERUHKROH DQDO\VLV DQG WKH DGGLWLRQDO











WKH VXUIDFH WKH YDULDWLRQ RI WKH LQGLYLGXDO FOXVWHU YROXPHV
FRPSDULQJIRUHDFKGHSWKLVPXFKKLJKHUWKDQEHORZPHWHUV
7KLV LV VWURQJO\ LQIOXHQFHG E\ WKH SHUVLVWHQW KLJKHU YROXPHV RI
FOXVWHUEODFNWULDQJOHVLQ)LJ%HORZWKHGHSWKRIPHWUHV
DOO WKH FOXVWHU YROXPHV UDQJH EHWZHHQ  DQG  6R WKH
FOXVWHUYROXPHVKDYHDGLIIHUHQWGLVWULEXWLRQEHORZ WKHGHSWKRI
DSSUR[LPDWHO\PHWUHVWKDQDERYH
:HDWKHULQJ DQG VORSH WHFWRQLFV LQIOXHQFH VXUIDFHH[SRVXUHV
FDXVLQJWKHORRVHQLQJRIWKHIUDFWXUHQHWZRUN6RWKHUHGXFWLRQRI
WKHIUDFWXUHVHWYROXPHVIROORZLQJWKHH[SRQHQWLDOIXQFWLRQVHHPV
WR EH D FRQVLVWHQW DSSURDFK FRQVLGHULQJ WKH JHRORJLFDO
HQYLURQPHQW
)RUIXUWKHULQYHVWLJDWLRQVLWLVSODQQHGWRPHDVXUHWKHIUDFWXUH
DWWULEXWHV ZLWK RSWLFDO ERUHKROH PHDVXULQJ WHFKQLTXHV RYHU WKH
WRWDO OHQJWK RI WKH ERUHKROH 7KHVH ORJJLQJ UHVXOWV FDQ EH
FRPSDUHG ZLWK WKH FDOFXODWHG FOXVWHU YROXPHV RI WKH GLVFUHWH
IUDFWXUHPRGHO7KXV WKHDVVXPSWLRQVIRU WKHFOXVWHULQJDQG WKH
HVWLPDWLRQ RI WKH IUDFWXUH VHW YROXPHV ZLOO EH LQYHVWLJDWHG LQ
PRUH GHWDLO )XUWKHUPRUH WKH UHVXOWV RI WKH IUDFWXUH QHWZRUN
FKDUDFWHULVDWLRQ ZLOO EH UHODWHG WR UHVXOWV RI K\GUDXOLF ERUHKROH






)UDFWXUH QHWZRUNV KDYH WR EH FRQVLGHUHG LQ WKH GHILQLWLRQ RI
K\GURJHRORJLFDOXQLWV6RWKHILUVWVWHSRIWKHSUHVHQWHGDSSURDFK
ZDVGHYHORSHGDWH[SRVXUHVWRFKDUDFWHUL]HWKHLQGLYLGXDOIUDFWXUH
VHWV DQG WR HVWLPDWH WKHLU YROXPHV7KLV DSSURDFK FRPELQHV WKH
JHRORJLFDO VSDWLDO IUDFWXUH DWWULEXWHVZLWK WKH K\GUDXOLF UHOHYDQW
DWWULEXWHV 7ZR GLIIHUHQW FOXVWHULQJ PHWKRGV KLHUDUFKLFDO DQG
IX]]\ FPHDQ ZHUH DSSOLHG WR GHWHUPLQH WKH IUDFWXUH VHWV 7KH
VFDQ OLQH VDPSOLQJ DOORZV LQWHJUDWLQJ ERUHKROH GDWD LQ WKH
FDOFXODWLRQ DQG LQWHUSUHWDWLRQ LQWR GHSWK 7KH UHGXFWLRQ RI WKH
IUDFWXUH VHW YROXPHV FRUUHODWHG WR GHSWK ZDV PRGHOOHG XVLQJ D
VWRFKDVWLF IUDFWXUH QHWZRUN PRGHO DQG VKRZHG DQ H[SRQHQWLDO
WUHQGIRUWKHLQYHVWLJDWLRQDUHD.RUDOP
,W FRXOG EH VKRZQ WKDW ZLWK WKLV PHWKRG LW LV SRVVLEOH WR
GHWHUPLQH DQG WR TXDQWLI\ WKH PRGLILFDWLRQ RI WKH IUDFWXUH
QHWZRUN LQWR GHSWK 7KLV DSSURDFK LV EDVHG RQ VHYHUDO
DVVXPSWLRQV WKDW ZLOO EH DQDO\VHG LQ PRUH GHWDLO LQ WKH IXWXUH
1HYHUWKHOHVV WKLV PHWKRG FDQ KHOS LQ FUHDWLQJ FRQGLWLRQHG







%lXPOH && +|W]O + 7KULQJHU & :LWWKVHU . 
8QWHUVXFKXQJHQ ]XU (LQULFKWXQJ HLQHV )HVWJHVWHLQ
1DWXUPHIHOGHV$*.
'HUVKRZLW]:/HH*(LEHQ7$KOVWURP(0HVKPDVWHU
'LVFUHWH )UDFWXUH 0HVK *HQHUDWLRQ 8WLOLW\ 8VHU
'RFXPHQWDWLRQ9HUVLRQ*ROGHU$VVRFLDWHV ,QF6HDWWOH
SS
'HUVKRZLW] : /HH * *HLHU - +LWFKFRFN 6 /D3RLQWH 3
&ODGRXKV7 )UDF:RUNV'LVFUHWH)HDWXUH6LPXODWLRQ
8VHU GRFXPHQWDWLRQ 9HUVLRQ  *ROGHU $VVRFLDWHV ,QF
6HDWWOHSS
+DUXP 7 +RIULFKWHU - .OHE 8 .XSIHUVEHUJHU + 3ROWQLJ :
5HLFKO35HLQVGRUII65XFK&6FK|Q-6WUREO(:LQNOHU*
 (UIDVVXQJ YRQ )OLHSUR]HVVHQ ]XU K\GURJHRORJLVFKHQ
%HZHUWXQJ YRQ NOIWLJHQ )HVWJHVWHLQHQ XQSXEOLVKHG UHSRUW
-RDQQHXP5HVHDUFK*PE+*UD]6
,6506XJJHVWHGPHWKRGVIRUWKHTXDQWLWDWLYHGHVFULSWLRQ
RI GLVFRQWLQXLWLHV LQ URFN PDVV ,QW - RI 5RFN0HFK D0 6F

.XOLWXODNH 3+: :DWKJDOD '1 6WHSKDQVVRQ 2  -RLQW
































































:DWHU VXSSO\ LQ UXUDO DUHDV RI ,UHODQG JHQHUDOO\ GHSHQGV RQ







3XPSLQJ WHVWV FDQ JLYH YHU\ GLIIHUHQW GDWD VHWV XQGHU GLIIHUHQW
ZDWHU OHYHO FRQGLWLRQV )RXU SURGXFWLRQ ZHOOV LQ IUDFWXUHG DQG
NDUVWLFOLPHVWRQHDTXLIHUVLQ&RXQW\&RUNLQWKHVRXWKRI,UHODQG
KDYH QHDUE\ REVHUYDWLRQ ZHOOV  P DZD\ HTXLSSHG ZLWK
DXWRPDWLF ZDWHU OHYHO UHFRUGHUV (YHU\ SHULRG RI SXPSLQJ
W\SLFDOO\ ± KRXUV SHU GD\ EHFRPHV LQ HIIHFW D SXPSLQJ
WHVW7KHUHFRUGVRYHUVHYHUDO\HDUVLQGLFDWHDWZRIROGWRWHQIROG






RI WKH PDLQ ZDWHUEHDULQJ IUDFWXUHV LQ WKH SXPSLQJ ZHOO
6LJQLILFDQW FKDQJHV RIWHQ RFFXU ZKHQ WKH SXPSLQJ ZDWHU OHYHO
IDOOVEHORZDPDMRUIUDFWXUHILJD
6KRUW SXPSLQJ WHVWV LQ XQFRQILQHG IUDFWXUHG DTXLIHUV RIWHQ
IDLOWRDGHTXDWHO\UHSUHVHQWWKHVXVWDLQDEOH\LHOGFKDUDFWHULVWLFVRI
DZHOO3XPSLQJ WHVWV LQQHZZHOOV IRU SXEOLF VXSSO\ LQ ,UHODQG
DUH FRPPRQO\RI WKUHHGD\VGXUDWLRQ6XFK WHVWVPD\DSSHDU WR
DSSURDFK HTXLOLEULXP EXW ORQJHU WHVWV ZLOO RIWHQ UHYHDO D
FRQWLQXHG RU DFFHOHUDWHG GHFOLQH LQ ORFDO ZDWHU OHYHOV
&RQVHTXHQWO\ WKH UHODWLYHO\ VKRUW WHVWV URXWLQHO\ FDUULHG RXW
RIWHQZLWKRXWK\GURJHRORJLFDOVXSHUYLVLRQFDQEHPLVOHDGLQJ




EXW WRZDUGV WKH HQG WKH ZDWHU OHYHO GHFOLQH EHJDQ WR LQFUHDVH
LQGLFDWLQJ WKDW WKH VXVWDLQDEOH \LHOG ZDV PXFK ORZHU $
VXEVHTXHQW GD\ WHVW ILJE SURYHG WKLV WR EH WUXH DQG WKH
VXVWDLQDEOH\LHOGLVQRPRUHWKDQDERXW/V






UDWKHU VWHHS IDOOV LQ VSHFLILF FDSDFLW\ DV WKH SXPSLQJ UDWH




7KH FKDUDFWHULVWLFV RI IUDFWXUHG DTXLIHUV HVSHFLDOO\ ZKHUH
XQFRQILQHGDVGHGXFHGIURPSXPSLQJWHVWGDWDPXVWEHYLHZHG
LQDORFDOFRQWH[W




JLYH YHU\ GLIIHUHQW GDWD HYHQ ZKHUH WKH ZHOOV DUH FORVH
WRJHWKHUDQGRIVLPLODUGHSWKGLDPHWHUFRQVWUXFWLRQHWF
+HQFHLWFDQEHYHU\GLIILFXOWWRFKDUDFWHULVHDJLYHQIUDFWXUHG
DTXLIHU LQ WHUPV RI LWV µDYHUDJH¶ RU HYHQ µW\SLFDO¶ SURSHUWLHV
HVSHFLDOO\ 7UDQVPLVVLYLW\ ,W VHHPV WKDW DTXLIHU SURSHUWLHV FDQ
RQO\ EH UHJDUGHG DV HYHQ DSSUR[LPDWHO\ WUXH IRU WKH LPPHGLDWH
YLFLQLW\ RI WKH WHVWHG ORFDWLRQ $FURVV WKH DTXLIHU DV D ZKROH
DSSDUHQW WUDQVPLVVLYLW\ YDOXHV FDQ YDU\ RYHU VHYHUDO RUGHUV RI
PDJQLWXGH:KHUH DV LQ ,UHODQG ZHOOFRQGXFWHG SXPSLQJ WHVWV
DUHDOOWRRUDUHWKHSUREOHPLVFRPSRXQGHG
7R KHOS FKDUDFWHULVH IUDFWXUHG DTXLIHUV ZLWK SRRU GDWD VHWV
ZH DUH XVLQJ WKH FRQFHSW RI µZHOO SURGXFWLYLW\¶ UDWLQJV :ULJKW
 :H H[DPLQH YDOXHV RI 6SHFLILF &DSDFLW\ 6& LQ WKH
FRQWH[W RI WKH UHOHYDQW GLVFKDUJH UDWH 4 RQ D µ46& *UDSK¶
ILJD(DFKGDWDSRLQWIDOOVLQWRRQHRI3URGXFWLYLW\FODVVHV,
KLJK WR9 ORZ 7KH 3URGXFWLYLW\ YDOXHV IURP ERUHKROHV LQ D
JLYHQDTXLIHUJLYHQVXIILFLHQWGDWDSRLQWVWKHQSURYLGHDµ46&
SURILOH¶IRUWKDWDTXLIHU$PDMRUµ5HJLRQDOO\,PSRUWDQW¶DTXLIHU
VKRXOG KDYH D SURILOH ZKLFK LV ZHLJKWHG WRZDUGV WKH WRS HQG
ILJE ZKHUHDV D SRRU DTXLIHU¶V SURILOH LV KHDYLO\ ZHLJKWHG






'HVSLWH ,UHODQG¶V KXPLG FOLPDWH ZKLFK HQVXUHV WKDW SRWHQWLDO
JURXQGZDWHU UHFKDUJH LV DEXQGDQW LQ PRVW SODFHV QHDU
FRQWLQXRXV SXPSLQJ FDQ LQGXFH ORQJ WHUP ZDWHU OHYHO GHFOLQH
SUREDEO\ GXH ODUJHO\ WR WKH JHQHUDOO\ ORZ VWRUDWLYLW\ RI WKH
DTXLIHUV DQG WKH IUHTXHQF\ RI K\GUDXOLF EDUULHUV VXFK DV IDXOWV
2QH H[DPSOH LQ ,UHODQG LV NQRZQ IURP 7HPSOHPRUH &RXQW\
7LSSHUDU\ ILJ 7KH GHFOLQH FDQ EH LQFUHDVHG LQ DUHDV ZKHUH





:ULJKW *5  46& *UDSKV ± $Q $LG WR &ODVVLILFDWLRQ RI





)LJXUH  9DULDWLRQ RI GUDZGRZQ ZLWK VWDWLF ZDWHU OHYHO
&OR\QH&R&RUNZHOOILHOG
)LJXUH D 3XPSLQJ WHVW DW %DOO\IHUULWHU &R .HUU\ VKRZLQJ
LQIOXHQFHRIORFDWLRQRIPDLQLQIORZV
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GROUNDWATER FLOW AND RESOURCES 
IN FRACTURED ROCKS
• Natural, induced and artificial recharge 
• Flow in fractured rocks 
• Groundwater runoff, interrelation between surface water and groundwater 













$ E V W U D F W   ,QFU\VWDOOLQHKDUGURFNUHJLRQVWKHWZRDTXLIHUV]RQHVYL]ZHDWKHUHGDQGIUDFWXUHGZLWKTXLWHGLIIHUHQWSURSHUWLHVDUH
FRXSOHGWKURXJKDPL[HG]RQHDQGDUHQRWVHSDUDWHGE\DQ\DTXLFOXGHV7KLVPDNHVWKHV\VWHPFRPSOH[IRUXQGHUVWDQGLQJLWVVWUXFWXUH
DQG IXQFWLRQLQJ 7KH ,QGR)UHQFK FHQWHU IRU*URXQGZDWHU5HVHDUFK DW+\GHUDEDG ,QGLD KDV WDNHQ XS VXFK DQ DTXLIHU V\VWHP DQG
FDUULHGRXWGHWDLOHGLQYHVWLJDWLRQVWRGHWHUPLQHWKHSDUDPHWHUVRIWKHDTXLIHUVFRQFHSWXDOL]HWKHIORZFRQGLWLRQVVLPXODWHWKHIORZLQ
ZHDWKHUHGIUDFWXUHG FRXSOHG V\VWHP DQG DQDO\VH WKH HIIHFWLYHQHVV RI DUWLILFLDOO\ UHFKDUJLQJ WKH GHHSHU DTXLIHU 7KH VHPLDULG DQG
PRQVRRQFOLPDWLFFRQGLWLRQVZLWKRYHUH[SORLWDWLRQKDVFKDQJHGWKHZDWHUUHVRXUFHVVFHQDULRLQVXFKDQDTXLIHUV\VWHPDQGPDGHWKH
ZHDWKHUHG]RQHXQVDWXUDWHGZLWKIORZVPDLQO\WDNLQJSODFHLQWKHIUDFWXUHG]RQH$QLQWHQVLYHPRQLWRULQJDQGDYDULHW\RIH[SHULPHQWV
YL] JHRSK\VLFDO JHRORJLFDO JHRK\GURORJLFDO K\GUDXOLF DQG QXPHULFDO PRGHOOLQJ KDV KHOSHG LQ XQGHUVWDQGLQJ WKH VWUXFWXUH DQG







7KH ,QGLDQ VXEFRQWLQHQW LV XQGHUODLQE\$UFKHDQEDVHPHQW LH
KDUG URFN IRUPDWLRQV WKDW DUH GHYRLG RI SULPDU\ SRURVLW\ DQG
RFFXS\PRUH WKDQRI WKH ODQGPDVV7KHFOLPDWH LVVHPLDULG
ZLWK DQ DQQXDO SUHFLSLWDWLRQ RI DERXW  PP *XVWDIVRQ DQG
.UiVQ\SURSRVHGWKDWWKHWHUP³KDUGURFN´PLJKWIURPD
JURXQGZDWHUH[SORUDWLRQSRLQWRIYLHZLQFOXGHDOOURFNVZLWKRXW
VXIILFLHQW SULPDU\ SRURVLW\ DQG FRQGXFWLYLW\ IRU IHDVLEOH
JURXQGZDWHU H[WUDFWLRQ *OREDOO\ WKHUH LV D FRPPRQ IHDWXUH RI
WKHVHURFNVWKDWWKH\XQGHUWKHLQIOXHQFHRISUHVVXUHWHPSHUDWXUH
DQG URFNDTXLIHU LQWHUDFWLRQV WHQG WR EHFRPH ZHDWKHUHG DW
VKDOORZOHYHOVVHPLZHDWKHUHGDQGILVVXUHGDWLQWHUPHGLDWHOHYHOV
DQGIUDFWXUHGDWGHHSHUGHSWKV7KXVWKHVHKDUGURFNVLQJHQHUDO
FRQVLVW RI WZR ]RQHV YL] WKH ZHDWKHUHG DQG WKH IUDFWXUHG WKDW












SDUDPHWHUV DV D SLORW DUHD IRU UHVHDUFK )LJ 8QGHU YDULRXV










$ FRPELQDWLRQ RI JHRSK\VLFDOPHWKRGV YL] HOHFWULFDO LPDJLQJ
PLVHDODPDVVH UHVLVWLYLW\ SURILOLQJ DV ZHOO DV VRXQGLQJ DQG
PDJQHWLFFRXOGSURYLGHJHRPHWU\RIWKHDTXLIHUWKLFNQHVVRIWKH










IUDFWXUHG OD\HU LV FDUULHG RXW XVLQJ K\GUDXOLF WHVWV DW GLIIHUHQW
VFDOHV VOXJ WHVWV IORZ PHDVXUHPHQWV GXULQJ LQMHFWLRQ DQG
SXPSLQJ WHVWV7KH ODWHVW DUH LQWHUSUHWHGXVLQJ VSHFLILFPHWKRGV
WR IUDFWXUHGPHGLDDQLVRWURSLFGRXEOHSRURVLW\VLQJOHIUDFWXUH
DQG IUDFWLRQDO GLPHQVLRQ IORZPRGHOV  OHDGLQJ WR FKDUDFWHUL]H
WKH JHRPHWU\ DQG K\GUDXOLF SURSHUWLHV RI IUDFWXUH QHWZRUNV DQG
EORFNV 7ZR VHFRQGDU\ QHWZRUNV RI IUDFWXUHV DUH LGHQWLILHG $
PDLQ QHWZRUN RI KRUL]RQWDO IUDFWXUHV LV UHVSRQVLEOH IRU WKH VXE
KRUL]RQWDO FRQGXFWLYLW\ RI WKH ZHDWKHUHGIUDFWXUHG OD\HU $




VWRUDJH RI WKH PDWUL[ LQ WKH EORFNV 5HVXOWV DUH FRPSLOHG LQ D
K\GURG\QDPLF PRGHO )LQDOO\ LW LV VKRZQ WKDW WKH ZHDWKHULQJ





ZHUH DQDO\]HG JHRVWDWLVWLFDOO\ WKURXJK YDULRJUDSKLF DQDO\VHV ,W
KDV DOVR EHHQ SRVVLEOH WR HYROYH FRPPRQ YDULRJUDPV IRU
GLIIHUHQW WLPHSHULRGV WKDWKHOSVPDNLQJHVWLPDWLRQRI WKHZDWHU
OHYHOZLWKRXW LQYROYLQJWKHFXPEHUVRPHSURFHVVRIYDULRJUDSKLF
DQDO\VHVHDFKWLPH*HRVWDWLVWLFDOPHWKRGVRIHVWLPDWLRQYDULDQFH
UHGXFWLRQ FRXOG SUHSDUH WKH RSWLPDO ZDWHU OHYHO PRQLWRULQJ
QHWZRUNDQGLWZDVVKRZQWKDWRXWRIZHOOVRQO\FRXOGEH





$ WZR OD\HUHG QXPHULFDO PRGHO ILUVW OD\HU UHSUHVHQWLQJ WKH
ZHDWKHUHG DTXLIHU DQG WKH QG IRU WKH IUDFWXUHGILVVXUHG DTXLIHU
KDV EHHQ SUHSDUHG XVLQJ ,QWHJUDWHG ILQLWH GLIIHUHQFH
DSSUR[LPDWLRQZLWKWKHFRGH0$57+(GHYHORSHGDWWKH%5*0
)UDQFH ,QLWLDOO\ WKH PRGHO KDV QR IORZ IURP WKH ERXQGDULHV
IROORZLQJ WKH VXUIDFH WRSRJUDSK\ ZLWK VPDOO RXWIORZ DW WKH
QRUWKHUQ WLS 7KH XSVFDOHG K\GUDXOLF SDUDPHWHUV KDYH EHHQ
DVVLJQHG WR HDFKPHVK DIWHU HVWLPDWLRQ9DULRXV LQWUXVLYHDUH WR
EH FRQVLGHUHG FDUHIXOO\ HJ DV FRQGXLWV LQ WKHZHDWKHUHG OD\HU
EXWDVEDUULHUVLQWKHIUDFWXUHGOD\HUVDQGFRPSDUWPHQWDWLRQRIWKH
DTXLIHU KDV EHHQ FRPPRQ DQG DW WLPHV SURYLGHG D EHWWHU
FDOLEUDWLRQ 7KH VHPLDULG FRQGLWLRQ ZLWK RYHU H[SORLWDWLRQ KDV
UHVXOWHG LQ D UDSLG ZDWHU OHYHO GHFOLQH ,Q VXFK D FRQGLWLRQ

HVWLPDWLRQ RI UHFKDUJH LV LPSRUWDQW DV WKH UDLQIDOO UHFKDUJH
WKURXJK XQVDWXUDWHG ]RQHV LQFOXGLQJ ZHDWKHUHG ]RQHV DUH
QHJOLJLEOH FRPSDUHG WR WKH SUHIHUUHG SDWK UHFKDUJH 7KHZDWHU
EDODQFH DQG VLPXODWLRQ RI IORZ VKRZV D FRQVLVWHQFH DQG
XQHFRQRPLFZDWHUOHYHOGHFOLQHLQWKHDUHDLQWKHIXWXUH









FORVH PHDVXUHPHQWV KDV EHHQ VXJJHVWHG KDYH EHHQ VXJJHVWHG
XVLQJWKHORFDOYLOODJHUV+RZHYHUZLWKWKHDODUPLQJPLVEDODQFH
RIZDWHUUHVRXUFHVLQWKHDUHDWKHSUHYDLOLQJVHPLDULGFRQGLWLRQV
DQG GXH WR IDFW WKDW WKH QXPEHU RI UDLQ\ GD\V DUH OLPLWHG WR
DURXQGSHU\HDUGXULQJWKHPRQVRRQLWLVQHFHVVDU\WRFDSWXUH
WKH UXQRII ZDWHU WR UHFKDUJH WKH DTXLIHU ,W LV IRXQG WKDW
DUWLILFLDOO\ UHFKDUJLQJ WKH DTXLIHU WKURXJK GHIXQFW GXJ ZHOOV LV
PRUH YLDEOH DQG FRVWHIIHFWLYH WKDQ WKURXJK WKH WKLFNO\ VLOWHG
WDQNV$ IHZGXJZHOOVKDYLQJ ODUJHUFDWFKPHQWDUHDKDYHEHHQ
VHOHFWHG DQG HTXLSSHGZLWK D SLW WR UHPRYH WKH VLOW DQG HURGHG
PDWHULDODQGWKHQWKHVWRUHGZDWHULVVHQWWRWKHGXJZHOO7KHGXJ
ZHOO ERWWRPKDYHEHHQ WHVWHG IRU WKH LQILOWUDWLRQ UDWHV7KXV WKH
UHFKDUJH KDYH EHHQ TXDQWLILHG DQG WKH DGYDQWDJHV LQFOXGH WKH







7KH KDUG URFN K\GURJHRORJ\ LV EHVHW ZLWK PRUH XQFHUWDLQWLHV
UDWKHU WKDQ DQ\ SURYHQ WKXPE UXOH VROXWLRQV$Q RYHUH[SORLWHG
DUHD LQ D JUDQLWLF WHUUDLQ LQ ,QGLD KDV EHHQ VWXGLHG IRU WKH
JURXQGZDWHU IORZ SDWWHUQV DQG HVWLPDWLRQ RI JURXQGZDWHU
SRWHQWLDO7KHDUHDKDVEHHQWKRURXJKO\LQYHVWLJDWHGZLWKUHVSHFW
WRLQYHQWRU\RIZHOOVH[WHQWRIJHRORJLFDORXWFURSVWKHGHSWKDQG
\LHOG RIZHOOVPHDVXUHPHQW RI VWUXFWXUDO RULHQWDWLRQV OLWKRORJ\
DQG JHRHOHFWULFDO VWXGLHV 7KH 63 WHFKQLTXH ZDV XVHIXO LQ
UHGXFLQJ WKH QXPEHU RI UHVLVWLYLW\ VRXQGLQJV 7KH UHVXOWV RI DOO
WKHVHVWXGLHVVKRZWKDWWKHJUDQLWLFWHUUDLQKDVEHHQVXEMHFWHGWR
GLIIHUHQW HSLVRGHVRIJUDQLWH HPSODFHPHQW WKDWKDVJLYHQ ULVH WR
GLIIHUHQWLDOZHDWKHULQJFDXVLQJKHWHURJHQHLW\LQWKHURFNPDWUL[
$SSOLFDWLRQ RI JHRVWDWLVWLFDO WHFKQLTXHV PDGH LW SRVVLEOH WR
PLQLPL]HWKHQXPEHURIREVHUYDWLRQZHOOVIRUWKHVDPHRXWSXWRI
VHDVRQDO IOXFWXDWLRQV 7KH SXPSLQJ WHVW DQDO\VHV VKRZ D ZLGH
GLVSDULW\LQUHVXOWVZLWKDWUDQVPLVVLYLW\YDULDWLRQRIWRVT
P GD\ DQG ORZ VWRUDJH FRHIILFLHQW $ YHU\ LPSRUWDQW IHDWXUH










$KPHG 6  *URXQGZDWHU PRQLWRULQJ QHWZRUN GHVLJQ




.XPDU ' .ULVKQDPXUWK\ 16 $KPHG 6 -DLQ 6& 'KDU 5/
 0LVHjOD0DVVH &KDUJHG %RG\ WHFKQLTXH LQ
HVWDEOLVKLQJ WKH ODWHUDO H[WHQVLRQ RI IUDFWXUHV LQ KDUG URFNV
-RXURI*HRORJLFDOVRFLHW\RI,QGLD
*XVWDIVRQ * .UiVQ\ -  &U\VWDOOLQH DTXLIHUV WKHLU
RFFXUUHQFH XVH DQG LPSRUWDQFH $SSOLHG +\GURJHRORJ\

0DUpFKDO -& :\QV 5 /DFKDVVDJQH 3 6XEUDKPDQ\DP .
7RXFKDUG) $QLVRWURSLHYHUWLFDOHGH ODSHUPpDELOLWpGH



















$ E V W U D F W   *HRFKHPLFDO DQG LVRWRSLF GDWD IURP JURXQGZDWHUV LQ IUDFWXUHG URFNV LQ WKH 8. DQG 6FDQGLQDYLD DUH UHYLHZHG WR








*URXQGZDWHUV LQ IUDFWXUHG URFNV ZLWK ORZ SHUPHDELOLWLHV DUH
OLNHO\ WR KDYH D ORQJHU 
KLVWRU\
 WKDQ JURXQGZDWHUV LQ PRUH
SHUPHDEOH DTXLIHUV 6XFK URFNV KDYH UHODWLYHO\ VORZ UDWHV RI
JURXQGZDWHU PRYHPHQWV DQG KHWHURJHQHRXV K\GURJHRORJLFDO
SURSHUWLHV 7RSRJUDSKLF KHDGV ZKLFK GULYH ODWHUDO ZDWHU
PRYHPHQWV XVXDOO\ GHFOLQH ZLWK GHSWK DQG WUDQVLW WLPHV DUH
ORQJHU UHVXOWLQJ LQ YDU\LQJ GHJUHHV RI YHUWLFDO VWUDWLILFDWLRQ RI
ZDWHU PDVVHV DQG VRPHWLPHV RI GHQVLWLHV /DWHUDO YDULDWLRQV RI
WKHVH SDWWHUQV LQGLFDWH WKH H[WHQW WR ZKLFK IUDFWXULQJ KDV
FRPSDUWPHQWDOLVHG JURXQGZDWHUV VR WKDW WKH\ KDYH HYROYHG E\
ORFDOZDWHUPRYHPHQWVUDWKHUWKDQUHJLRQDOIORZV
7KHHYROXWLRQDQGVWDELOLW\RIVXFKJURXQGZDWHUV\VWHPVDUH
RI LQWHUHVW IRU D QXPEHU RI UHDVRQV 8QGHUVWDQGLQJ KRZ
JURXQGZDWHUVHYROYHGWRWKHSUHVHQWVWDWHLQYROYHVWZRTXHVWLRQV
DERXW IORZ WKH UHODWLYH LPSRUWDQFHRI ODWHUDO DQGYHUWLFDOZDWHU
PRYHPHQWV DQG ODWHUDO YV YHUWLFDO FRQQHFWHGQHVV RI IUDFWXUH
QHWZRUNVDQGZKHWKHUWKHV\VWHPKDVEHHQVWDEOHRYHUWLPHZLWK
UHVSHFW WR FRQGLWLRQV DW LWV ERXQGDULHV 7KHVH LVVXHV KDYH
LPSOLFDWLRQV IRU ZDWHU UHVRXUFHV GHYHORSPHQW FRQWDPLQDQW
PRYHPHQW DQG ORQJWHUP VDIHW\ RI ZDVWH GLVSRVDO LQ IUDFWXUHG
URFNV8QGHUVWDQGLQJ WKHPKHOSV WRGHYHORSDFRQFHSWXDOPRGHO
IRU JURXQGZDWHUV LQ IUDFWXUHG URFNV 7KH\ DUH FKDUDFWHULVHG E\
JHRFKHPLFDO DQG LVRWRSLF YDULDWLRQV WKDW LGHQWLI\ VLWHVSHFLILF
ZDWHU FRPSRVLWLRQV DQG WUDQVLW WLPHV JLYHQ VXIILFLHQW UHOLDEOH
GDWD
&DOFXODWLRQVXVLQJUDQJHVRIYDOXHVIRUK\GUDXOLFFRQGXFWLYLW\
DQG SRURVLW\ WKDW DUH DSSURSULDWH IRU WKHVH URFNV DQG ODWHUDO
K\GUDXOLF JUDGLHQWV WKDW DUH W\SLFDO IRU KDUG URFN WHUUDLQ VKRZ
WKDW WUDQVLW WLPHV IRUZDWHURYHUNPVFDOHGLVWDQFHVDUH OLNHO\ WR
H[FHHG\HDUV6LPLODUHVWLPDWHVIRUYHUWLFDOZDWHUPRYHPHQWV
XVLQJ JUDGLHQWV W\SLFDO RI LQILOWUDWLRQ FRQGLWLRQV HJ VHDZDWHU
LQWUXVLRQLQGLFDWHWKDWWUDQVLWWLPHVDWPVFDOHDUHLQWKHRUGHU
RI\HDUV$ZHDWKHUHG]RQHW\SLFDOO\PWKLFNZKLFKLV
PRUH WUDQVPLVVLYH KDV D VLJQLILFDQW LQIOXHQFH RQ YHUWLFDO DQG
ODWHUDOZDWHUPRYHPHQWVLQGHHSHUIUDFWXUHGURFN
7KH FRQWHQW RI & VKRXOG WKHUHIRUHEHDXVHIXO LQGLFDWRURI
UHFKDUJHDQG ODWHUDO IORZ LQ VXFK URFN IRUPDWLRQV$OWKRXJK WKH
DFWXDO WUDQVSRUW DQG REVHUYHG GHFD\ RI & DV ELFDUERQDWH LRQ










LQ %ULWDLQ )LJ *URXQGZDWHUV IURP ERUHKROHV DW $OWQDEUHDF
 P DQG IURP VSULQJV LQ PLG:DOHV KDYH & YDOXHV
FRUUHVSRQGLQJ WR DYHUDJH DJHV DURXQG  DQG 
\HDUV UHVSHFWLYHO\ 7KH\ KDYH RQO\ VPDOO QHJDWLYH VKLIWV RI




,QIORZ VDPSOHV IURPPLQH ZRUNLQJV DW P GHSWK LQ WKH
&DUQPHQHOOLV JUDQLWH LQ VRXWKZHVW (QJODQG DUH PL[WXUHV ZLWK
YHU\ ROG VDOLQH ZDWHU EHFDXVH WKH UHJLRQDO ODWHUDO JUDGLHQW KDV
EHHQ FKDQJHG E\ GUDZGRZQ RI \RXQJ ZDWHU DQG XSFRQLQJ RI
WKHUPDO VDOLQHZDWHU WRZDUGV WKHPLQHZRUNLQJV*URXQGZDWHUV
EHWZHHQ  DQG  P GHSWK LQ D ERUHKROH LQWR RXWFURSSLQJ
EDVHPHQW URFNDW6HOODILHOGEHFRPHPRUH VDOLQHZLWK LQFUHDVLQJ
GHSWKDQGKDYH&FRQWHQWVDQG22UDWLRVLQGLFDWLQJDJHVRI
 \HDUV LH SRVWJODFLDO 7KHVH JURXQGZDWHUV DUH
\RXQJHU WKDQ VDOLQHJURXQGZDWHUV DW JUHDWHU GHSWKV LQEDVHPHQW




,Q6KLHOG URFN LQ6ZHGHQDQG)LQODQG IUHVKZDWHU W\SLFDOO\
H[WHQGV WR DW OHDVW  PHWUHV GHSWK LQ RXWFURSSLQJ IUDFWXUHG
URFNV WKRXJK EUDFNLVK ZDWHU LV IRXQG DW VKDOORZHU GHSWKV LQ
FRDVWDO ORFDWLRQV HVSHFLDOO\ ZKHUH LVRVWDWLF VHDZDWHU LQWUXVLRQ
KDV RFFXUUHG GXULQJ WKH HDUO\ +RORFHQH & GDWD LQGLFDWH WKDW
GHHSHU  P JURXQGZDWHUV JHQHUDOO\ KDYH DYHUDJH DJHV
DURXQG  \HDUV )LJ 22 GDWD LQGLFDWH WKDW
VRPHRI WKHGHHSHVWZDWHUVPD\EH FROG FOLPDWH UHFKDUJHXS WR
\HDUVROG
%UDFNLVKZDWHUVDWPGHSWKDWbVS|DFRDVWDOVLWH









ROGHU EUDFNLVKVDOLQH ZDWHU 7KRXJK VRPH & FRQWHQWV DUH ORZ
SP&&GDWDDUHPRVWO\EHWZHHQSP&LQGLFDWLQJ
PL[LQJ ZLWK SRVWJODFLDO PHWHRULF ZDWHU ,VRWRSLF DQG FKHPLFDO
GDWD IRU WKHVH FRDVWDO VLWHV LQGLFDWH WKDW YHUWLFDO JURXQGZDWHU
PRYHPHQWV KDYH EHHQ FRQWUROOHG E\ WKH VHTXHQFH RI SDODHR
%DOWLFVDOLQLWLHVRYHUWKHODVW\HDUVRUVROHDGLQJWRUDWKHU







DJHV DQG FRPSRVLWLRQDO YDULDWLRQV IRU JURXQGZDWHUV LQ WKHVH
GLIIHUHQW DUHDV LQ QRUWKHUQ (XURSH )LUVWO\ WKHUH DUH IHZ &
PHDVXUHPHQWVWKDWDUHQHDURUEHORZGHWHFWLRQOLPLWLH!
\HDUV ROG 7KRXJK SRVVLELOLWLHV RI FRQWDPLQDWLRQ KDYH WR EH
FRQVLGHUHGWKLVVXJJHVWVWKDWODWHUDOIORZSDWKVDUHQRWYHU\ORQJ
DQGWKDWJURXQGZDWHUVDWWKHGHSWKVLQYHVWLJDWHGLQWKHVHUHJLRQV
RULJLQDWHG SUHGRPLQDQWO\ GXULQJ DQG VLQFH WKH ODVW JODFLDWLRQ
6HFRQGO\ WKH ODWHUDO FRQWLQXLW\ RU KHWHURJHQHLW\ RI ZDWHU
FRPSRVLWLRQV LQVRPHFDVHV LV LQGLFDWLYHRIDUDWKHUKLJKGHJUHH
RIFRPSDUWPHQWDOLVDWLRQE\IUDFWXUH]RQHV6KDOORZJURXQGZDWHUV
ZLWK ORZ & FRQWHQWV LH ROGZDWHU RFFXU QHDU WR WKH HQG RI
IORZSDWKV DORQJ UHODWLYHO\ KLJK WRSRJUDSKLF DQG K\GUDXOLF
JUDGLHQWV SUREDEO\ KDYLQJ OHVV YHUWLFDO IUDFWXULQJ DQG SHUKDSV
WUDQVPLVVLYH VXEKRUL]RQWDO IUDFWXUH ]RQHV 7KLUGO\ LQ DUHDV
ZKHUHSDVWVHDOHYHOFKDQJHVKDYHFDXVHGLQWUXVLRQVGLUHFWO\LQWR
H[SRVHG IUDFWXUHG URFN JURXQGZDWHU VWDELOLW\ GXULQJ WKH




YHUWLFDO IORZ SDWKV SURYLGHG E\ IUDFWXUH ]RQHV 6WUDWLILFDWLRQ RI
JURXQGZDWHUVZLWKLQFUHDVLQJVDOLQLWLHVDQGGHQVLWLHVZKLFKJLYHV
DJURXQGZDWHUV\VWHPLQFUHDVLQJVWDELOLW\ZLWK LQFUHDVLQJGHSWK
GHSHQGV RQ WKH LQWHUSOD\ EHWZHHQ LQIORZV DORQJ YHUWLFDO






*LYHQ VXIILFLHQW UHOLDEOH GDWD WR LQWHUSUHW VSDWLDO YDULDELOLW\
SDWWHUQVRILVRWRSLFDQGK\GURFKHPLFDOYDULDWLRQVVKRXOGDVVLVWLQ
FRQVWUXFWLQJ JURXQGZDWHU IORZ PRGHOV WKDW JLYH FRKHUHQW
H[SODQDWLRQVRISUHVHQW IORZDQGSDVWHYROXWLRQLQWHUPVRIVLWH
VSHFLILF FKDUDFWHULVWLFV 7KLV W\SH RI DSSURDFK WR
SDODHRK\GURJHRORJ\ EDVHG RQ FKHPLFDO DQG LVRWRSLF GDWD IRU









6KHSKHUG 7 &RUWpV 5XL] $ $UDQ\RVV\ -) 6XEPLWWHG WR
&KHPLFDO *HRORJ\ 3DODHRK\GURJHRORJLFDO LQIRUPDWLRQ IURP
VHFRQGDU\FDOFLWHLQIUDFWXUHGURFNVDW(XURSHDQVLWHV
'DUOLQJ :* (GPXQGV :0 6PHGOH\ 3/  ,VRWRSLF
HYLGHQFH IRU SDODHRZDWHUV LQ WKH %ULWLVK ,VOHV $SSOLHG
*HRFKHPLVWU\




/ODQGULQGRG DQG %XLOWK FHQWUDO :DOHV -RXUQDO RI WKH
*HRORJLFDO6RFLHW\RI/RQGRQ
)HDVW1%DWK$(YDOXDWLRQDQGLQWHUSUHWDWLRQRIFDUERQ
LVRWRSH DQG WULWLXP GDWD IRU JURXQGZDWHU VDPSOHV IURP GHHS





.D\ 5/) $QGUHZV -1 %DWK $+ ,YDQRYLFK 0 
*URXQGZDWHU IORZ SURILOH DQG UHVLGHQFH WLPHV LQ FU\VWDOOLQH
URFNV DW $OWQDEUHDF &DLWKQHVV 8. ,Q ,VRWRSH +\GURORJ\
 SS  ,QWHUQDWLRQDO $WRPLF (QHUJ\ $JHQF\
9LHQQD
3LWNlQHQ 3 /XXNNRQHQ $ 5XRWVDODLQHQ 3 /HLQR)RUVPDQ +
9XRULQHQ 8  *HRFKHPLFDO PRGHOOLQJ RI JURXQGZDWHU




6PHOOLH - /DDNVRKDUMX 0  7KH bVS| +DUG 5RFN
/DERUDWRU\ )LQDO HYDOXDWLRQ RI WKH K\GURJHRFKHPLFDO SUH











































































7KH VPDOOHVW *HUPDQ /2:5*5(3 WHVW UHJLRQ  NP LV
ORFDWHG LQ WKH PRXQWDLQRXV UHJLRQ RI WKH )LFKWHOJHELUJH 1
%DYDULDDSSUR[LPDWHO\NPQRUWKHDVWRIWKHFLW\RI%D\UHXWK
ILJ $QQXDO SUHFLSLWDWLRQ UDWHV DUH DSSUR[LPDWHO\ PPD
ZLWKDQHYDSRWUDQVSLUDWLRQEHWZHHQDQGPPD/DQGXVH
LV SUHGRPLQDQWO\ IRUHVW  VSUXFH PL[HG IRUHVWPDLQO\
VSUXFH'XHWRLQWHQVLYHZHDWKHULQJUHFHQWO\WKHUHJROLWKUHDFKHV
GHSWKV XS WR  P 2QH WKLUG RI WKH FDWFKPHQW LV FRYHUHG E\
SVHXGRJOH\HV G\VWLF KLVWRVROV DQGPRRUV 7KHVH ZHW ]RQHV DUH
GUDLQHG E\ DUWLILFLDO FUHDWHG GLWFKHV0DLQ JURXQGZDWHU IORZ LV
























JURXS SDUWQHUV %DYDULDQ 6WDWH 2IILFH IRU :DWHU 0DQDJHPHQW
%D\/I: DQG %D\UHXWK ,QVWLWXWH IRU 7HUUHVWULDO (FRV\VWHPV
5HVHDUFK%,7g.WKHUHH[LVWD ORWRIK\GURORJLFDO LQIRUPDWLRQ
6LQFHVXUIDFHUXQRII LVPHDVXUHGFRQWLQXRXVO\DWDRIILFLDO
ZHLU RI WKH %D\/I: ³=LJHXQHUPKOH :DOGVWHLQ´ ZKHUHDV
GLVFKDUJH UDWHV UHSUHVHQW PRUH RU OHVV WRWDO UXQRII RI WKH
FDWFKPHQW $YHUDJH GLVFKDUJH UDQJHV EHWZHHQ  DQG /V







*HQHUDOO\ WHPSRUDO FXUYHV RI K\GURJUDSKV VKRZ LPSDFWV RI
SUHFLSLWDWLRQHYHQWVDQGPHOWLQJRIVQRZDVZHOODVGU\VHDVRQV
8VLQJSURJUDPPH&87726 LW LVSRVVLEOH WR VHSDUDWH UXQRII




FKDUDFWHULVWLF IRU GUDLQLQJ EHKDYLRXU RI WKH UHVHUYRLU DQG WKHUH
IRUH IRU UHJXODWLRQ FDSDFLW\ RI WKH JURXQG )RU VLPSOH DTXLIHU
VLWXDWLRQV GU\ ZHDWKHU IORZ FXUYHV DUH ILWWHG WR H[SRQHQWLDO
HTXDWLRQV 5HJUHVVLRQ FXUYH FDQ EH GHVFULEHG E\ D VLPSOH
H[SRQHQWLDO IXQFWLRQ4W 4RHDWZLWK4W GLVFKDUJHDW WLPHWLQ



















)LJXUH  *HQHUDO VFKHPH RI &87726 VWUXFWXUH 1DYDUUR
6iQFKH]

7R VHSDUDWH UXQRII FRPSRQHQWV WKH SURJUDP XVHV UHVROXWLRQ
PHWKRG VXJJHVWHG E\ 6FKRHOOHU  ,Q FDVH RI D FRPSOH[






















REWDLQ4 DQG Į RI HDFK ³FHOO´8VLQJ WKUHH GLIIHUHQW FHOOV LW LV
SRVVLEOHWRGHVFULEHWKHGLPLQXWLRQRIIORZVRIDQ\K\GURORJLFDO
V\VWHP ILJ 7KH VXP RI G\QDPLF YROXPHV RI HDFK FHOO LV
DSSUR[LPDWHO\ WKH WRWDO G\QDPLF YROXPH RI WKH K\GURORJLFDO





W W GLVFKDUJH RI FHOO  EHFRPHV LUUHOHYDQW 7RWDO UXQRII FRQWUL
EXWHV IURP FHOO  DQG FHOO  RQO\ /DWHU W W ZKROH IORZ LV
FRQWUROOHG E\ FHOO  EDVH IORZ FRQGLWLRQV 5HJDUGLQJ K\GUR
JUDSK FXUYH RI WKLV GLVFKDUJLQJ SURFHVV WKH OLQHDU ILWWLQJ RI WKH
VHJPHQWIRUEDVHIORZFRQGLWLRQVJLYHVWKHSDUDPHWHUVIRUFHOO

7KH GLIIHUHQFH EHWZHHQ DFWXDO IORZ FRQGLWLRQV 4UHDO DQG
UHVXOWV RI WKH ILWWHG OLQH 4FHOO EXLOGV D QHZFXUYHRI UHFHVVLRQ
IORZV$WWKHHQGRIFXUYHVHJPHQWDQHZOLQHDUILWWLQJUHVXOWIRU
SDUDPHWHUVRIFHOO7KHVDPHKDVWREHGRQHIRUFHOOWRILWWKH
VWDUW RI K\GURJUDSK FXUYH ILJ 7KH FRPSDULVRQ RI 4HVWLPDWHG
4FHOO4FHOO4FHOODQG4UHDOVKRZVQHDUO\VDPHYDOXHV7RWDO

























5HJDUGLQJ UXQRII FRQGLWLRQV LQ GU\ SHULRGV EDVLF UXQRII
GLVFKDUJHZDVQHYHUEHORZPPG%,7g.7HPSRUDO
YDULDWLRQ RI UXQRII UHDFWV VHQVLWLYH RQ SUHFLSLWDWLRQ HYHQWV
/LVFKHLG HW DO  REVHUYHG DQ LQFUHDVH RI GLVFKDUJH DIWHU
KHDY\ UDLQ HYHQWV ZLWKLQ D IHZ KRXUV XS WR DPXOWLSOLHU RI 
ZKHUHDV WKH SHDN RI UXQRII FXUYH LV XVXDOO\REVHUYHGKRXUV
DIWHU PD[LPXP LQ SUHFLSLWDWLRQ $IWHU VKRUW WLPH HYHQWV ODVWLQJ
IURPD IHZKRXUVXS WR WZRGD\VKXJHSDUWVRISUHFLSLWDWLRQDUH
GUDLQHG TXLFNO\ E\ VXUIDFH UXQRII )RU DSSOLFDWLRQ RI &87726
VLPXODWLRQ WRRO RQO\ GHFUHDVLQJ SDUWV RI GLVFKDUJH FXUYHV DUH
XVHG$VDQH[DPSOHVLPXODWLRQUHVXOWVXVLQJDUHJUHVVLRQFXUYH
RI VXPPHU SHULRG  DOORZ D GHWHUPLQDWLRQ RI
WKUHH GLIIHUHQW UHVHUYRLUV IRU UXQRII ILJ 'LVFKDUJH RI FHOO 




UHFKDUJH EXLOGVPDLQ VRXUFH IRUPHDVXUHG UXQRII'XH WR VPDOO
VL]HRIWKHFDWFKPHQWKDG\QDPLFDOFKDQJHVLQWKHUDWLRRI
GLIIHUHQW IORZ W\SHV DUH UHODWLYHO\ IDVW 7KLV LV UHIOHFWHG E\ D
G\QDPLF YROXPHGLVFKDUJH UHODWLRQ IRU VPDOO G\QDPLF YROXPH
&RPSDULVRQ RI YROXPHV RI UHVHUYRLUV FRQILUP WKH GRPLQDWLQJ
FKDUDFWHURIEDVH IORZ%RWKRWKHUUHVHUYRLUVDUHRIVDPH
LPSRUWDQFH VXUIDFH UXQRII  DQG LQWHUIORZ  $OO UHVXOWV
FRQILUPWKHORZUHFKDUJHUDWHVRI/VNPGXHWRKLJKUHOLHI


























RI VLJQLILFDQW UHFHVVLRQ DSSHDU GXULQJ IHZ KRXUV HYHQWVZLWK D
ORQJ WDLOLQJVORSHVORZRXWIORZRIUHVHUYRLUFDQEHXVHGRQO\
7KURXJKGLYLVLRQRIUHFHVVLRQFXUYHVLQDVHPLORJDULWKPLFVFDOH
WKH UXRII FDQ EH GLYLGHG LQWR SDUWV IURP GLIIHUHQW ³UHVHUYRLUV´
ZKLFKDUHIHHGLQJVXUIDFHUXQRIIRIDULYHURUEURRN ,QD WKUHH






7KLVZRUNZDV ILQDQFLDOO\ VXSSRUWHG E\ WKH(8 /2:5*5(3
3URMHFW )3$37((6'(9. )RU VXSSO\ RI
&87726VRIWZDUHZHOLNHWRWKDQN-$6iQFKH]1DYDUURDQG$
3pUH]*DUFtD DV ZHOO DV -RVH &DUORV 5XELR IRU SURJUDPPH
LQWURGXFWLRQ8QLYGH=DUDJR]D7KHDXWKRUVDOVRZRXOGOLNHWR






%HQGHU 6 9RUQHKP &K:RKQOLFK 6 /DXWHQVFKODJHU 7 
6FKHPHIRUGHYHORSLQJD*,6EDVHGGDWDEDQNLQWKHUHJLRQRI
5HJHQ (%DYDULD ,Q 6HLOHU .3 :RKQOLFK 6 HGV 1HZ
$SSURDFKHV &KDUDFWHUL]LQJ *URXQGZDWHU )ORZ  3URF ;;;,
,$+&RQJUHVV
%,7g.  %,7g. )RUVFKXQJVEHULFKW ± %D\UHXWKHU
)RUXPgNRORJLHSS
/LVFKHLG * 0RULW] . %LWWHUVRKO -  +\GURJHRORJLH LP
(LQ]XJVJHELHW Ä/HKVWHQEDFK³ ,Q *HUVWEHUJHU 3 HG
%D\UHXWKHU)RUXPgNRORJLH
1DYDUUR6iQFKH]-$'HFRPSRVLWLRQRIEDVHIORZUHFHVVLRQ
FXUYHV LQ EDVLQV IRUPHG PDLQO\ E\ KDUG URFNV &87726 
3OXULFHOOXODU0RGHO/2:5*5(33URMHFW8VHU0DQXDOSS
5GLJHU):RKQOLFK6+\GURJHRORJLFDOLQYHVWLJDWLRQVLQ






















DUHD LV D SRVVLEOH ORFDO UHFKDUJH DUHD IRU EHGURFN JURXQGZDWHU 7KH JRDO RI WKH SURMHFW LV WR GHYHORS D FRQFHSWXDO PRGHO DQG D







IRU GRPHVWLF ZDWHU FRQVXPSWLRQ LQPDQ\ UHJLRQV RI WKHZRUOG
7KH JURXQGZDWHU UHFKDUJH LV D NH\ IDFWRU IRU VXVWDLQDEOH
PDQDJHPHQW RI WKH JURXQGZDWHU UHVRXUFHV LQ WKH EHGURFN HJ
IRU DVVHVVPHQWV RI LPSDFWV RIZDWHUZLWKGUDZDORU XQGHUJURXQG
FRQVWUXFWLRQV 7KH JURXQGZDWHU UHFKDUJH WR VXSHUILFLDO VRLO
DTXLIHUV FDQ LQPDQ\ FDVHV EH GHWHUPLQHGZLWK D IDLU DFFXUDF\
IURP ZDWHU EDODQFH FRQVLGHUDWLRQV LH IURP PHDVXUHG
SUHFLSLWDWLRQ DQG FDOFXODWHG HYDSRWUDQVSLUDWLRQ GH 9ULHV DQG
6LPPHUV7KHUHFKDUJHWRWKHXQGHUO\LQJEHGURFNLVPRUH




VWXGLHG DW D VLWH LQ FHQWUDO 6ZHGHQ 7KH JRDO LV WR GHYHORS D
FRQFHSWXDOPRGHO DQG DPDWKHPDWLFDOPRGHO RI WKH LQWHUFKDQJH
EHWZHHQVRLODQGEHGURFNJURXQGZDWHULQWKHDUHDZKLFKFDQOHDG










7KH VRLO LV D FRPSDFW VDQG\ORDP\ WLOO ZLWK D KLJK FRQWHQW RI
VWRQHVDQGEORFNV7KHVLWHLVIRUHVWHGDQGVSUXFH3LFHDDELHVLV
WKHGRPLQDWLQJVSHFLHV$W WKHVLWH WKHUHDUHRQJRLQJ ORQJWHUP
FRQWLQXRXV PHDVXUHPHQWV RI IRU H[DPSOH SUHFLSLWDWLRQ
HYDSRWUDQVSLUDWLRQDQGSURILOHVRIWHPSHUDWXUHDQGZDWHUFRQWHQW
LQWKHVRLO/XQGLQHWDO




RIP %K&DQGP %K$EHORZ WKHJURXQGVXUIDFH ,Q
ERWK ERUHKROHV RQH ]RQH ZDV IRXQG WR WRWDOO\ GRPLQDWH WKH
WUDQVPLVVLYLW\ RI WKH ERUHKROH ,W ZDV ORFDWHG  P EHORZ WKH
JURXQGVXUIDFH MXVWEHORZ WKHEHGURFNVXUIDFH LQ%K$DQGDW
PLQ%K&%RUHKROH&ZDVVHFWLRQHGXVLQJLQIODWDEOHSDFNHUV
)XUWKHUPRUH D QXPEHU RI JURXQGZDWHU WXEHV DQG SLH]RPHWHUV
ZHUHLQVWDOOHGDWYDULRXVGHSWKVLQWKHWLOO
*URXQGZDWHU KHDG LV FRQWLQXRXVO\ ORJJHG LQ WKH WZR
ERUHKROHV LQ WKHEHGURFN DQG LQ WKHSLH]RPHWHUV LQ WKH WLOO7KH







7KH LQLWLDO PHDVXUHPHQWV FRQFHUQHG PDLQO\ XQGLVWXUEHG
FRQGLWLRQV$YHUWLFDOK\GUDXOLFJUDGLHQWZDVREVHUYHGERWKLQWKH
VRLO DQG WKH EHGURFN 7KH GLIIHUHQFH LQ HOHYDWLRQ EHWZHHQ WKH
ZDWHUWDEOHLQWKHVRLODQGWKHKHDGLQWKHIUDFWXUH]RQHDWPLQ







'H 9ULHV -- 6LPPHUV ,  *URXQGZDWHU UHFKDUJH DQ
RYHUYLHZRISURFHVVHVDQGFKDOOHQJHV+\GURJHRO-
/XQGLQ/&+DOOGLQ6/LQGURWK$&LHQFLDOD(*UHOOH$+MHOP
3 .HOOQHU ( /XQGEHUJ $ 0|OGHU 0 0RUpQ $6 1RUG 7
6HLEHUW-6WlKOL0&RQWLQXRXVORQJWHUPPHDVXUHPHQWV






























RIJDVRU LQ WKHFDVHRI DTXLIHUSROOXWLRQE\QRQDTXHRXVSKDVH
OLTXLGV1$3/V
'HSHQGLQJ RQ WKH FLUFXPVWDQFHV WKH IOXLGV PD\ KDYH YHU\
GLIIHUHQWFKDUDFWHULVWLFVDQGGLIIHUHQWPD\EH WKHFKDUDFWHULVWLFV
RIWKHURFNVZKHUHWKH\IORZIURPSRURXVPHGLDXQFRQVROLGDWHG
RU FHPHQWHG WR IUDFWXUHG URFNV ZLWK IUDFWXUHV UDQJLQJ IURP
PLFURIUDFWXUHV RI D IHZ PLFURQV WR PHJDIUDFWXUHV ZKLFK FDQ




$W ILUVW VLJKW LWZRXOGVHHPREYLRXV WKDW WKHUHDUHGLIIHUHQW
PRGHOVIRUIORZLQSRURXVPHGLDDQGLQIUDFWXUHGURFNVLWFDQEH
VHHQKRZHYHU WKDW WKH ODZVRIIORZDUHGHFLVLYHO\DIIHFWHGQRW
RQO\E\WKHIHDWXUHVDQGYHORFLW\RIWKHIOXLGVEXWDOVRE\WKHVL]H
RI WKH IORZSDWKV D VL]HZKLFKPD\EHPRUH VLPLODUEHWZHHQD
SRURXV PHGLXP DQG D IUDFWXUHG URFN WKDQ EHWZHHQ WZR YHU\
GLIIHUHQWSRURXVPHGLDRU WZR IUDFWXUHG URFNV)RUH[DPSOH WKH
IORZ LQ D URFN ZLWK IUDFWXUHV KDYLQJ RSHQLQJV RI VHYHUDO
PLOOLPHWUHVLVPRUHVLPLODUWRWKHIORZLQJUDYHOWKDQWRWKDW LQD
URFNZLWKPLFURIUDFWXUHV




7KLV IHDWXUH LV HVSHFLDOO\ VXLWDEOH LQ WKHFDVHRI IORZZKLFK
GRHV QRW IROORZ'DUF\¶V ODZ H[WHQGHG WRPXOWLSKDVH IORZ LH
ZKHUH WKHFDSLOODU\ IRUFHV DUHQRWSUHYDOHQWFRPSDUHG WRDOO WKH
RWKHUVDQGWKHLQHUWLDOIRUFHVDUHQRWQHJOLJLEOHFRPSDUHGWR WKH
YLVFRXVIRUFHV
6HYHUDO VWXGLHV KDYH EHHQ FDUULHG RXW E\ QRZRQ WKLV WRSLF
KRZHYHUGXHWRWKHFRPSOH[LW\RIWKHSKHQRPHQRQLWKDVQRW\HW
EHHQ SRVVLEOH WR LGHQWLI\ JHQHUDOO\ YDOLG UHODWLRQV EXW RQO\











WR WKHFRQWLQXRXVYDULDWLRQVRI FURVV VHFWLRQDQG WR WKHZLQGLQJ








P  ) 

ZKHUHXLVWKHUDWHSHUVXUIDFHXQLWRIWKHPHGLXPNWKHLQWULQVLF
SHUPHDELOLW\ĭ WKH+XEEHUWSRWHQWLDOȡDQGȝ WKH IOXLGGHQVLW\
DQG YLVFRVLW\ DQG ȕ LV )RUFKKHLPHU¶V FRHIILFLHQWZKLFK GHSHQG
RQ WKH SHUPHDELOLW\ WKH SRURVLW\ DQG WKHZLQGLQJ QDWXUH RI WKH
PHGLXP
,Q WKH FDVH RI WZRSKDVH IORZPDQ\ HPSLULFDO FRUUHODWLRQV
KDYH EHHQ SURSRVHG YDOLG IRU ERWK SRURXV PHGLD DQG IUDFWXUHG
URFNVZLWKVSHFLDOUHIHUHQFHWRSURSSHGK\GUDXOLFIUDFWXUHVIRU
H[DPSOH IRU WKH IORZ RI ERWK SKDVHV WKURXJK EHGV RI FRDUVH
























WKHIORZRI WKHRWKHURQO\ LQVRIDUDV LW WDNHVXSSDUWRI WKHIORZ
SDWKV7KLVGRHVQRWWDNHLQWRDFFRXQWWKHIDFWWKDWERWKSKDVHVDUH
IORZLQJVLGHE\VLGHLQWKHSRURXVPHGLXPDQGH[HUWDUHFLSURFDO
YLVFRXV GUDJ WKDW PD\ DIIHFW VLJQLILFDQWO\ WKH IORZ RI WKH
FRQWLJXRXV IOXLG KHQFH LI WKH\ PRYH DW GLIIHUHQW VSHHGV LQ
LQWHQVLW\GLUHFWLRQRUYHUVHDWWKHFRQWDFWVXUIDFHVWKH\GHOLYHU




  MLMLLLL JUDGJUDGX )) OO 

ZKHUH JHQHUDOO\ LW LV DVVXPHG WR KROG KHUH UHFLSURFLW\ RU





IORZV LQFUHDVH FRQVLGHUDEO\ZKHQERWK IOXLGVPRYH LQ WKH VDPH











PRYH IRXQG WKDW DW D KLJK VSHHG WKHUH DUH WZR FRPSHWLQJ
SKHQRPHQDZKLFKPDNHWKHHIIHFWLYHSHUPHDELOLW\RIWKHJDVUDWH







ZKHUH )QG IXQFWLRQ RI XJ WDNHV WKH LQHUWLDO IORZ HIIHFWV LQWR
DFFRXQWZKLOH NUJ WDNHV WKH FRXSOLQJ HIIHFW LQWR DFFRXQW DQG LV











RI YLVFRXV RLOZKLFK SURGXFH E\ GLVVROYHG JDV GULYHZKHUH WKH
ZHOOV SURGXFH D VWDEOH IRDP HPXOVLRQ RI JDV LQ RLO IRU D ORQJ




VRPXFK WR VXSHUVDWXUDWLRQRIGLVVROYHGJDV LQ WKHRLO DV WR WKH
GLVWULEXWLRQRIWKHIOXLGVLQWKHPHGLXPLQIDFWLQWKHXVXDOOLJKW
RLO UHVHUYRLUV WKH UDWLRRIYLVFRXV WRFDSLOODU\ IRUFHV LV ORZDQG
WKH GLVWULEXWLRQ RI WKH SKDVHV ZKLFK GHSHQGV RQ WKH FDSLOODU\
IRUFHVLVWKHVDPHXQGHUVWDWLFDQGIORZLQJFRQGLWLRQVDQGLVQRW
LQIOXHQFHGE\WKHORFDOSUHVVXUHJUDGLHQW2QWKHFRQWUDU\LQWKLV
NLQGRI UHVHUYRLUGXH WR WKHKLJKYLVFRVLW\RI WKHRLO DQG WR WKH
KLJK GUDZGRZQ SUHVVXUH XVHG LQ FROG SURGXFWLRQ WKH UDWLR RI
YLVFRXV WR FDSLOODU\ IRUFHV LV KLJK DQG VXFK DV WR PRELOL]H WKH
PLFUREXEEOHV LH EXEEOHV PXFK VPDOOHU WKDQ DYHUDJH SRUH
WKURDW VL]H DQ DOWHUQDWLYH K\SRWKHVLV LV WKDW WKH ODUJHU EXEEOHV
FDQ EUHDN GXULQJ WKH PLJUDWLRQ ZLWK WKH RLO 7KH SKHQRPHQRQ









WZRSKDVH ODPLQDU IORZ LQ SRURXV PHGLD RU LQ IUDFWXUHV WKH
JHQHUDOL]HG'DUF\¶VODZGRHVQRWDSSO\LQFDVHVZKHUH




 WKH GLVWULEXWLRQ RI WKH SKDVHV LQVLGH WKH PHGLXP GRHV QRW
GHSHQGVRPXFKRQ WKHFDSLOODU\IRUFHVDVRQWKHYLVFRXVIRUFHV
DQGJUDYLW\DFRQGLWLRQWKDWWDNHVSODFHLQIRDP\RLOIORZZKHQ
WKHUH LV D KLJK SUHVVXUH JUDGLHQW DQG KHQFH KLJK VSHHG 7KH
VDPHFRQGLWLRQVJHQHUDOO\ WDNHVSODFH LQ WKHFDVHRI IORZLQVLGH
XQFRQVROLGDWHGSRURXVPHGLDRUIUDFWXUHGPHGLDZLWKVPDOOSRUH
ERG\SRUHWKURDW UDWLRZKHUH WKHUHDUHGLIIHUHQW IORZVWUXFWXUHV
GHSHQGLQJ RQ WKH VSHHG RI ERWK SKDVHV DQG RQ WKH LQWHUIDFH
WHQVLRQV
,QFRQFOXVLRQLWFOHDUO\DSSHDUVWKDWWKHIORZPRGHOGRHVQRW
GHSHQG VR PXFK RQ ZKHWKHU WKH PHGLXP FRQVLVWV RI SRURXV RU
IUDFWXUHGURFNVEXWRQWKHUDWLRVEHWZHHQWKHIRUFHVSUHVHQWLH
RQ WKH 5H\QROGV QXPEHU WKH FDSLOODU\ QXPEHU DQG WKH %RQG
QXPEHU :KHQ VXFK UDWLRV YDU\ WKH IORZ PRGHOV PRYH RYHU







0RWW 5 &DEOH $ 6SHDULQJ 0  0HDVXUHPHQWV DQG
VLPXODWLRQ RI LQHUWLDO DQG KLJK FDSLOODU\ QXPEHU IORZ




6FKXOHQEHUJ 7 0XOOHU 8  $Q LPSURYHG PRGHO IRU WZR



















$ E V W U D F W   7KLVVWXG\LVIRFXVHGRQWUDQVLWWLPHLQGLIIHUHQWSDUWVRINDUVWHQYLURQPHQW7UDQVLWWLPHLQFRQGXLWVZDVVWXGLHGE\
WUDFHU WHVWV WUDQVLW WLPH LQ RWKHU SDUWV RI VDWXUDWHG DQG XQVDWXUDWHG ]RQH E\ HQYLURQPHQWDO LVRWRSHV 2 WULWLXP7KHUH LV D ODUJH
GLIIHUHQFH EHWZHHQ WUDQVLW WLPHREWDLQHG IURP WUDFHU WHVW FRPSDUH WR WUDQVLW WLPHREWDLQHG IURP 2DQG WULWLXP HYHQRQ WKH VDPH




















(OHYHQNDUVW VSULQJVZHUH VHOHFWHG WREH VWXGLHGE\ LVRWRSLF
PHWKRGV2+DQGWUDFHUWHVWV)LJ6SULQJVDUHORFDWHGLQ
GLIIHUHQW JHRORJLFDO VHWWLQJV 7ZR VSULQJV GLVFKDUJH IURP
&UHWDFHRXV OLPHVWRQH DQG PDUOVWRQH 0LVNRYLFH DQG 7XUQRY
.DUVW )RXU VSULQJV GUDLQ 3DOHR]RLF URFNV 0RUDYLDQ DQG
%RKHPLDQ .DUVW )LYH VSULQJV DUH VLWXDWHG LQ PHWDPRUSKRVHG
FDUERQDWHV FU\VWDOOLQH OLPHVWRQHV 7KHUH DUH VLJQLILFDQW
GLIIHUHQFHV LQ GLIIHUHQW GHJUHH RI NDUVW GHYHORSPHQW LQ
FDWFKPHQWV RI SDUWLFXODU VSULQJV 0RUDYLDQ DQG 7XUQRY NDUVWV
UHSUHVHQW DUHDV ZLWK ZHOOGHYHORSHG XQGHUJURXQG QHW RI
H[WUHPHO\ SHUPHDEOH FRQGXLWV 1HDUO\ DOO VWUHDPV HQWHULQJ WKH
0RUDYLDQ.DUVWVLQNWRXQGHUJURXQG2QWKHRWKHUKDQGWKHUHDUH




















2 LQ PRQWKO\ SUHFLSLWDWLRQ
ZDV ILWWHG ZLWK VLJQDO LQ
VSULQJ ZDWHU 'LVSHUVLRQ DQG
H[SRQHQWLDOPRGHOV SURGXFHG
WKHEHVWILW
6HYHUDO WUDFHU WHVWV LQ
VSULQJ FDWFKPHQWV ZHUH
FDUULHG RXW WR GHWHUPLQH WKH
YHORFLW\ RI IORZ LQ NDUVW
FRQGXLWV $UFKLYH WUDFHU WHVW
IURP WKHVH NDUVW DUHDV KDYH
EHHQ VWXGLHG DV ZHOO 7UDFHU
WHVW ZHUH DQDO\]HG E\
4WUDFHU SURJUDP (3$
$VDUHVXOWWKHUHDUH
NDUVW VSULQJV ZKHUH ERWK
WUDQVLWWLPHEDVHGRQLVRWRSLF



















































VKRZV WKDW ZDWHU UHFKDUJHG DIWHU  SUHGRPLQDWHV LQ DOO
VSULQJV
5HVXOWV RI )/2:PRGHO  2 VKRZ WKDW WKH PHDQ WUDQVLW
WLPHH[FHHGV\HDULQDOO WKHVSULQJV7KHRQO\H[FHSWLRQLVWKH
7LSHþHN 6SULQJ LQ WKH0RUDYLDQ .DUVW  PRQWKV &RPPRQO\
SUHGRPLQDQWFRPSRQHQWVHHPVWRKDYHVWDEOH2FRQWHQWZKLFK
PHDQV WKH WUDQVLW WLPH H[FHHGLQJ  \HDUV 7KLV UHODWLYHO\ ORQJ
PHDQ WUDQVLW WLPH LV W\SLFDO HYHQ IRU WKH 0RUDYLDQ .DUVW ZLWK




2Q WKH RWKHU KDQG WKH PHDQ WUDQVLW WLPH LQ FRQGXLWV YDU\
IURPVHYHUDOKRXUVXSWRGD\VEDVHGRQUHVXOWVRIWUDFHUWHVW
+HQFHGLIIHUHQFHLQRUGHUVRIPDJQLWXGHH[LVWVLIZHFRPSDUH
WKH WUDQVLW WLPH REWDLQHG IURP WUDFHU WHVWV ZLWK WUDQVLW WLPH
REWDLQHG IURP LVRWRSHV RQ WKH VDPH VSULQJV 7DE 7KLV LV
VLPLODULQDOOVWXGLHGDUHDVLUUHVSHFWLYHO\RIJHRORJ\DQGLQWHQVLW\
RINDUVWGHYHORSPHQW,WVHHPVWKDWWKLVIHDWXUHLVW\SLFDOIRUNDUVW
DUHDV$XWKRUVEHOLHYH WKDW WKLV³GLVFUHSDQF\´ LVH[SODLQDEOHE\
GLIIHUHQWEHKDYLRXURIERWKW\SHRIWUDFHUV
&RQFHUQLQJ WUDFHU WHVWV WUDFHU LV LQMHFWHG GLUHFWO\ LQWR VLQNV




)LJXUH  6NHWFK RI NDUVW HQYLURQPHQW ZLWK W\SLFDO WUDQVLW




2Q WKH RWKHU KDQG HQYLURQPHQWDO LVRWRSHV LQILOWUDWH
SUHGRPLQDQWO\ E\ GLIIXVH UHFKDUJH WKURXJK VRLO DQG XQVDWXUDWHG
]RQH2Q VWXGLHG VSULQJVFRQFHQWUDWHG UHFKDUJH WKURXJKVLQNV LV
QHJOLJLEOHPRVWO\OHVVWKDQRIWKHZKROHUHFKDUJH+HQFH




7KUHH GLIIHUHQW HQYLURQPHQWV EDVLFDOO\ H[LVW LQ NDUVW DUHDV )LJ

.DUVWFRQGXLWVRFFXS\LQJRQO\QHJOLJLEOHYROXPHRIWKHZKROH
NDUVW HQYLURQPHQW  QHYHUWKHOHVV GUDLQLQJ RYHU RI
DOO WKH GLVFKDUJH IURPNDUVW DUHDV :RUWLQJWRQ LQ.OLPFKRXN HW
DO$VDUHVXOWRIYHU\ORZYROXPHDQGODUJHLQWHQVLW\RI
IORZWKHWUDQVLWWLPHLQFRQGXLWVUHVXOWVLQRUGHUVRIKRXUVRUGD\V
5HPDLQLQJ HQYLURQPHQWZKLFK FRQVLVWV RI IUDFWXUHV ILVVXUHV




VXEVRLO DQG HSLNDUVW DQG YHU\ ORZ LQWHQVLW\ RI IORZ WKH WUDQVLW






7KLV VWXG\ZDV UHDOL]HGZLWK WKH ILQDQFLDO VXSSRUW RI WKH*UDQW
$JHQF\ RI&KDUOHV8QLYHUVLW\ SURMHFW QR*$8. DQG
WKH*UDQW$JHQF\RIWKH0LQLVWU\RI(GXFDWLRQSURMHFWVQR)59â







(3$  7KH 475$&(5 SURJUDP IRU 7UDFHU %UHDNWKURXJK
&XUYH$QDO\VLV IRU .DUVW DQG )UDFWXUHGURFN NDUVW DTXLIHUV 
86 (QYLURQPHQWDO SURWHFWLRQ DJHQF\ K\SHUWH[W PXOWLPHGLD
SXEOLFDWLRQ LQ WKH ,QWHUQHW DW KWWSZZZHSDJRY1&($
SGIVTWUDFHUTWUDFHUSGI
.OLPFKRXN$% )RUG'& 3DOPHU$1'UH\EURGW: 
6SHOHRJHQHVLV(YROXWLRQRI.DUVW$TXLIHUV 166+XQWVYLOOH
86$SS
0DORV]HZVNL 3 =XEHU$  /XPSHG SDUDPHWHUPRGHOV IRU
LQWHUSUHWDWLRQ RI HQYLURQPHQWDO WUDFHU GDWD LQ 0DQXDO RQ
PDWKHPDWLFDO PRGHOV LQ LVRWRSH K\GURORJ\ ,$($7(&'2&
,QWHUQDWLRQDO$WRPLF(QHUJ\$JHQF\:LHQ





















































$ E V W U D F W   2QHRIWKHREMHFWLYHVRIWKH(&/2:5*5(3SURMHFWZDVDVVHVVLQJJURXQGZDWHUUXQRIILQWKH.UXãQpKRU\0WVDQGLQ
WKHâXPDYD0WVZLWKLQWKH&]HFKWHUULWRU\0HWKRGRORJ\IRUJURXQGZDWHUUXQRIIDVVHVVPHQWVXJJHVWHGE\.UiVQêDQG.QČåHN
WKDWZDVEDVHGRQJHRPRUSKRORJLFFKDUDFWHULVWLFVRIWKHWHUUDLQDQGUHJLRQDOO\SUHYDLOLQJWUDQVPLVVLYLW\DQGUHFRPPHQGHGHVSHFLDOO\
IRUPRXQWDLQRXV KDUGURFN UHJLRQV KDV EHHQPRGLILHG WRPDNH IXOO XVH RI WKH*HRJUDSKLF ,QIRUPDWLRQ 6\VWHP *,6 DGYDQWDJHV
5HVXOWVREWDLQHGLQWKLVZD\IURPWKH.UXãQpKRU\0WVDUHSUHVHQWHGDQGFRPSDUHGZLWKYDOXHVRIJURXQGZDWHUUXQRIIGHWHUPLQHGE\














HYDSRWUDVSLUDWLRQ DQG E\ D VWHHS PRUSKRORJ\ VXSSRUWLQJ DQ




WHUUDLQ DQG UHJLRQDOO\ SUHYDLOLQJ WUDQVPLVVLYLW\ DQG
UHFRPPHQGHG HVSHFLDOO\ IRU PRXQWDLQRXV KDUGURFN UHJLRQV
KDV EHHQ PRGLILHG WR PDNH IXOO XVH RI WKH *HRJUDSKLF
,QIRUPDWLRQ6\VWHP*,6DGYDQWDJHV
:LWKLQ WKH (& WK )UDPHZRUN 3URJUDPPH RI WKH
/2:5*5(3 SURMHFW WKH QHZ PHWKRG EDVHG RQ WKH *,6
DSSOLFDWLRQKDVEHHQ LPSOHPHQWHGDQG WHVWHG5HVXOWV IURPWKH
.UXãQpKRU\0WVDUHSUHVHQWHGDQGFRPSDUHGZLWKJURXQGZDWHU
UXQRII YDOXHV DVVHVVHG E\ WZR RWKHU HQWLUHO\ LQGHSHQGHQW
PHWKRGV IURP SUHFLSLWDWLRQUXQRII 6DFUDPHQWR 6$&60$








7KH IXQGDPHQWDO LGHD RI GDWD SURFHVVLQJ XVLQJ *,6
SURFHGXUHV LV EDVHG RQ WKH PHWKRG RI JURXQGZDWHU UXQRII
DVVHVVPHQW LQ FU\VWDOOLQH FRPSOH[HV VXJJHVWHG E\ .UiVQê DQG
.QČåHN  7KH PHWKRG ZDV EDVHG RQ JURXQGZDWHU
WKURXJKIORZ HVWLPDWLRQ WLOO WKDW WLPH DSSOLHG DV RQH RI WKH
SURFHGXUHVWRDVVHVVJURXQGZDWHUUHVRXUFHVRQO\LQK\GURJHRORJLF
EDVLQV7KHPHWKRGRI.UiVQêDQG.QČåHNSULQFLSDOO\GLIIHUVIURP
RWKHUPHWKRGV IRU JURXQGZDWHU UXQRII DVVHVVPHQW WKDW KDYH EHHQ
EDVHGRQK\GURORJLFDSSURDFKHVDVSUHFLSLWDWLRQUXQRIIPRGHOOLQJ
RU VHSDUDWLRQRIJURXQGZDWHUDQGVXUIDFHZDWHUFRPSRQHQWV IURP








VXUIDFH ZHDWKHUHG DQG IUDFWXUHG ]RQH WKH WKLFNQHVV RI ZKLFK
UHDFKHVXSVRPH WHQVRIPHWHUV7KLVFRUUHODWHVZLWK WKHGHSWKRI
PRVW RI ZDWHU ZHOOV GULOOHG LQ WKLV K\GURJHRORJLF HQYLURQPHQW
7KHUHIRUHWUDQVPLVVLYLW\YDOXHVGHWHUPLQHGE\WKHVHZHOOVFDQEH
FRQVLGHUHGUHSUHVHQWDWLYHZKHQDVVHVVLQJJURXQGZDWHUUXQRII





4 N,)RU4 7,Z 
ZKHUH 4   JURXQGZDWHU IORZ WKURXJK D YHUWLFDO VHFWLRQ RI DQ
DUHD ) RU RI D ZLGWK Z N 7   WKH FRHIILFLHQWV RI K\GUDXOLF
FRQGXFWLYLW\RUWUDQVPLVVLYLW\UHVSDQG, K\GUDXOLFJUDGLHQW
,Q DFFRUGDQFH ZLWK WKH DERYHPHQWLRQHG DVVXPSWLRQV
K\GUDXOLF JUDGLHQW RI JURXQGZDWHU OHYHO LQ KLOO\PRXQWDLQRXV
UHJLRQV ZDV LGHQWLILHG ZLWK DQ DYHUDJH WHUUDLQ JUDGLHQW 6
GHWHUPLQHG LQ VTXDUHV RI WKH XQLIRUP VL]H 3 HJ  NP
FRYHULQJ WKHZKROH VWXG\DUHD IURPWKH WRWDO OHQJWKRIVHOHFWHG
FRQWRXU OLQHV / LQ WKH VDPHV DUHDV 3 DQG WKH KHLJKW LQWHUYDO
EHWZHHQWKHXVHGFRQWRXUOLQHV=
6 =/3   
7KH WRWDODPRXQWRIJURXQGZDWHUUXQRII LQPRXQWDLQRXVUHJLRQV
LV GLVFKDUJHG E\ D QHWZRUN RI ZDWHUFRXUVHV 7KHUHIRUH WKH
GHQVLW\RIWKLVQHWZRUN'H[SUHVVHGDV
' :3   
ZKHUH:   WKH WRWDO OHQJWK RI DOO SHUHQQLDOZDWHUFRXUVHV LQ WKH
DUHD 3 VHH HTXDWLRQ  : VXEVWLWXWHV WKH ZLGWK RI WKH
JURXQGZDWHU WKURXJKIORZ VHFWLRQ Z LQ HTXDWLRQ  $V
JURXQGZDWHU IORZV WR VXUIDFH VWUHDPV IURP VORSHV IROORZLQJ WKH
ERWKVLGHVRIYDOOH\VWKHDPRXQWRIGUDLQHGJURXQGZDWHUVKRXOGEH
GRXEOHG FRPSDUHG ZLWK WKH HTXDWLRQ  7KH ILQDO PRGLILHG
HTXDWLRQWRDVVHVVJURXQGZDWHUUXQRIILQKDUGURFNWHUUDLQV4LV

















7DEXOH  (VWLPDWLRQ RI EDVHIORZ E\.LOOHPHWKRG 6DFUDPHQWR 6$&0DPRGHO .UiVQê .QČåHN  DQG K\GUDXOLFPRGHO
0RGIORZDQDO\]HGSHULRGIRU5RODYD
PRGHO .LOOH 6$&60$ .UiVQê.QČåHN  0RGIORZ
DYHUDJHUDLQIDOODWWKHZDWHUVKHG>PP\HDU@       
DYHUDJHUDLQIDOODWWKHZDWHUVKHG>/VNP@       
DYHUDJHIORZIURPWKHZDWHUVKHG>/VNP@       
DUHD3>NP@       
PDMRUULYHUOHQJWK/>NP@       
ULYHUGHQVLW\+ /3>P@   H H H H 
WHUUDLQVORSH6>@       
WUDQVPLVVLYLW\RUVSHFLILF\LHOG3>@       

     
VSHFLILFFDSDFLW\RUWUDQVPLVLYLW\VHWUHJLRQRIRULJLQ .UXãQp0WV5RODYDFDWFKPHQW

VSHFLILFFDSDFLW\T>PVP@UHSUHVHQWDWLYHVHW    H H H 
WUDQVPLVVLYLW\E\*HRIRQG7>PV@UHSUHVHQWDWLYHVHW   H    H
EDVHIORZ.LOOHPHWKRG>/VNP@       
VXSSOHPHQWDU\VHDVRQDOEDVHIORZ6$&60$>OVNP@       
WRWDOEDVHIORZ6$&60$>/VNP@       
EDVHIORZ.UiVQê.QČåHN>/VNP@       









&RPSDULVRQ RI UHVXOWV RI JURXQGZDWHU UXQRII REWDLQHG E\ GLIIHUHQW
DSSURDFKHVLQWKHWHVWHGUHJLRQRIWKH.UXãQpKRU\0WVFDQEHVHHQ
LQ7DE9DOXHVDVVHVVHGE\*,6SURFHGXUHVVKRZHGUHODWLYHO\KLJK
YDOXHV RI WKH VSHFLILF JURXQGZDWHU UXQRII H[SUHVVHG LQ /VNP
1HYHUWKHOHVV KLJK YDOXHV URXQG  /VNP RU HYHQ PRUH DUH LQ




URFN WUDQVPLVVLYLW\ VSHFLILF FDSDFLW\ VLJQLILFDQWO\ DIIHFWV
DVVHVVPHQW RI JURXQGZDWHU UXQRII 'XH WR OLPLWV LQ WHFKQLFDO
SRVVLELOLWLHV DQG WKDW WLPH H[LVWLQJ NQRZOHGJH RI WUDQVPLVVLYLW\
VSDWLDOGLVWULEXWLRQ.UiVQêDQG.QČåHNXVHGUHJLRQDOO\YDOLG
SUHYDLOLQJ WUDQVPLVVLYLW\ UHVXOWLQJ IURP VWDWLVWLFDO WUHDWPHQW RI
SXPSLQJWHVW GDWD LQ UHVSHFWLYH FDWFKPHQWV RU DFFHSWHG GDWD EDVHG
RQDQDORJ\
8VLQJ *,6 SURFHGXUHV WKH FDOFXODWLRQV FDQ EH FDUULHG RXW
DOWHUQDWLYHO\XVLQJGLIIHUHQWWUDQVPLVVLYLW\YDOXHVLQGLIIHUHQWDUHDV
5HVXOWV RI UHFHQW VWXGLHV SURYHG LPSRUWDQW GLIIHUHQFHV LQ VSDWLDO
WUDQVPLVVLYLW\ GLVWULEXWLRQ GXH WR RFFXUUHQFHV RI LQKRPRJHQHLW\
HOHPHQWV RI GLIIHUHQW VFDOH .UiVQê   )RU JURXQGZDWHU
UXQRIIDVVHVVPHQWHVSHFLDOO\GLIIHUHQFHVLQSUHYDLOLQJWUDQVPLVVLYLW\
EHWZHHQJURXQGZDWHU UHFKDUJHDUHDV WHUUDLQHOHYDWLRQVDQGVORSHV
DQG GLVFKDUJH DUHDV ERWWRPVRI YDOOH\V DUH RI LPSRUWDQFH ,WZDV
IRXQG WKDW LQ KDUGURFN UHJLRQV SUHYDLOLQJ WUDQVPLVVLYLW\ W\SLFDOO\
UHDFK  WLPHV KLJKHU YDOXHV LQ WKH GLVFKDUJH WKDQ LQ UHFKDUJH
DUHDV7KHUHIRUHHYHQKDUGURFNK\GURJHRORJLFHQYLURQPHQWFDQQRW




JURXQGZDWHU UXQRII DQG WKXV QDWXUDO JURXQGZDWHU UHVRXUFHV
DVVHVVPHQW
,QDGGLWLRQ*,6SURFHGXUHVHQDEOHDIOH[LEOHFKRLFHRIDOORWKHU
SDUDPHWHUV WR EH XVHG DV YDULDEOH PRUSKRPHWULF FKDUDFWHULVWLFV
VORSHRIWHUUDLQGHQVLW\RIZDWHUFRXUVHVHYHQWKRXJKWKHVHGRQRW
VHHP WR EH DV LPSRUWDQW DV WKH WUDQVPLVVLYLW\ YDOXHV ZKHUH WKH
UHODWLYHO\ VPDOO GLIIHUHQFHV PLJKW LQIOXHQFH FRQVLGHUDEO\ ILQDO
UHVXOWVFRPS7DE&DOLEUDWLRQRIPRGHOVZLOOEHRIKHOSDOVRLQ
LQYHUVH VROXWLRQV RI UHOLDEOH WUDQVPLVVLYLW\ YDOXHV LQ PRXQWDLQRXV
KDUGURFNHQYLURQPHQW7KLVZLOOEHWKHSULQFLSDODGYDQWDJHRI













%XUQDVK -&5  7KH 1:6 5LYHU IRUHFDVW V\VWHP ±
FDWFKPHQWPRGHOOLQJ ,Q 6LQJK93 HG&RPSXWHUPRGHOV
RIZDWHUVKHGK\GURORJ\:DWHU5HV3XEO+LJKODQGV5DQFK
&RORUDGR
)HUGD - +ODGQê - %XEHQtþNRYi / 3HãHN -  5XQRII
UHJLPH DQG ZDWHU FKHPLVWU\ LQ WKH 2WDYD FDWFKPHQW ZLWK
UHJDUGV RI WKH SHDW ERJV LQ &]HFK $QQXDO UHSRUW RI WKH
+\GURPHWHRU,QVWLWXWH3UDJXH
.LOOH .  'DV 9HUIDKUHQ 0R014 HLQ %HLWUDJ ]XU
%HUHFKQXQJ GHU PLWWOHUHQ ODQJMlKULJHQ




- (FNVWHLQ 2QJOH\ /. 6FKQHLGHU 5 0RRUH -( HGV
*DPEOLQJ ZLWK JURXQGZDWHU 3URF MRLQW PHHWLQJ  ,$+
&RQJUHVVDQG$QQXDOPHHWLQJRI$,+/DV9HJDV
.UiVQê -  +DUGURFN K\GURJHRORJ\ LQ WKH &]HFK
5HSXEOLF+\GURJpRORJLHeGLWLRQV%5*02UOpDQV
.UiVQê - .QČåHN 0  5HJLRQDO HVWLPDWH RI JURXQG




+DQ]HO 9  0DS RI JURXQGZDWHU UXQRII RI
&]HFKRVORYDNLD LQ  &]HFK +\GURPHWHRU
,QVWLWXWH3UDJXH
.UiVQê - .QČåHN 0 âXERYi $ 'DĖNRYi + 0DWXãND 0
+DQ]HO 9  *URXQGZDWHU UXQRII LQ WKH WHUULWRU\ RI

































7KH VWXG\ DUHD LV VLWXDWHG LQ 1DPDTXDODQG 6RXWK $IULFD DQG
LQFOXGHVTXDWHUQDU\VXUIDFHZDWHUFDWFKPHQWV))DQG)
)LJ )RU WKH LPSURYHG DVVHVVPHQW DQG PDQDJHPHQW RI
JURXQGZDWHUUHVRXUFHVLQDVHPLDULGHQYLURQPHQWLWLVHVVHQWLDO
WKDW DFFXUDWH JURXQGZDWHU UHFKDUJH HVWLPDWLRQV EH FDUULHG RXW
2QH RI WKH FKDOOHQJHV RI GHWHUPLQLQJ JURXQGZDWHU UHFKDUJH LQ
WKLVVHPLDULGDUHDLVWKDWJURXQGZDWHUIORZRFFXUVSULQFLSDOO\LQ
IUDFWXUHV DQG ILVVXUHV DQG LV QRW XQLIRUPO\ GLVWXUEHG DFURVV WKH
UHJLRQ 7KH DQQXDO DYHUDJH UDLQIDOO YDULHV IURP  PP LQ WKH
FRDVWDODUHDWRPPLQWKH.DPLHV0RXQWDLQV*URXQGZDWHULV
PDLQO\DEVWUDFWHGIURPDOOXYLDODQGFU\VWDOOLQHEDVHPHQWDTXLIHUV





,Q RUGHU IRU WKH DVVHVVPHQW WR EH FDUULHG RXW DQ H[WHQVLYH








DUH SUHVHQW 7KHVH OLPLWDWLRQV KDYH EHHQ LGHQWLILHG DQG FDQ EH
DGGUHVVHGLQGXHFRXUVH
2QFH WKHTXDOLWDWLYH UHODWLYHJURXQGZDWHU UHFKDUJHPDSZDV
SURGXFHG LW ZDV KRSHG WKDW LW FRXOG EH YHULILHG ZLWK DFWXDO
UHFKDUJH HVWLPDWHV REWDLQHG IURP ERUHKROH UHFKDUJH DQDO\VHV
+RZHYHU LQGLYLGXDO ERUHKROH DQDO\VHV KDYH QRW \HW EHHQ
ILQDOLVHGDQGDUDQJHRIYDOXHVREWDLQHGIURPOLWHUDWXUHZDVXVHG




WKH UDWLQJV DQG ZHLJKWLQJV DVVLJQHG ZHUH VXEMHFWLYH +RZHYHU
KDYLQJSURFHVVHGWKHGDWDDQGFDUULHGRXWWKHDQDO\VLVLQ*,6WKH






)RU WKLV*,6EDVHG SURMHFW WR EH FDUULHG RXW LWZDV HVVHQWLDO WR
FROODWHQXPHURXVGDWDVHWVLQFOXGLQJWKH/DQGVDW70LPDJHDQG
DGLJLWDOHOHYDWLRQPRGHO7KHSURMHFWLRQFKRVHQIRUWKLVSXUSRVH
ZDV WKH VRXWKHUQ 870 ]RQH  :*6 GDWXP 870 ZDV
FKRVHQ DV DOO GLVWDQFHV GLUHFWLRQV VKDSHV DQG DUHDV DUH
UHDVRQDEO\ DFFXUDWH ZLWKLQ R RI WKH FHQWUDO PHULGLDQ $V WKLV
SURMHFWLRQ LVFRQIRUPDO VKDSHDQGDQJOHVZLWKLQDQ\VPDOODUHD
DUH HVVHQWLDOO\ WUXH ([WHQVLYH GDWD UHZRUNLQJ DQG UHSURMHFWLQJ
RFFXUUHG WR SURGXFH D FRLQFLGHQW DQG YDOLG VSDWLDO GDWDEDVH ,Q
DGGLWLRQ D QXPEHU RI GDWD VHWV ZHUH SXUFKDVHG WR HQKDQFH WKH
DQDO\VLV
7KH EURDG DSSURDFK WDNHQ IRU WKLV JURXQGZDWHU UHFKDUJH














7KH SURFHVV IROORZHG IRU WKLV SURMHFW LQFOXGHG D YLVXDO
DVVHVVPHQW RI JHRORJLFDO OLQHDPHQWV PDSSHG IURP WKH /DQGVDW
70 LPDJH SU DFTXLUHG LQ 'HFHPEHU  7KH
OLQHDPHQWV ZHUH PDSSHG DW D VFDOH RI   :KHUHYHU





D VRLO DGMXVWHGYHJHWDWLRQ LQGH[6$9,ZDVJHQHUDWHG IURPWKH
/DQGVDW70LPDJH7KH6$9,ZDVVXJJHVWHGE\.HOOJUHQHWDO
 DV D EHWWHU PHWKRG IRU WKLV SXUSRVH KRZHYHU IRU WKLV
SDUWLFXODUVFHQHWKHGLIIHUHQFHEHWZHHQWKH1'9,DQGWKH6$9,
ZDV PLQLPDO /LQHDPHQWV DVVRFLDWHG ZLWK KLJKHU 1'9, YDOXHV
ZHUHDVVXPHGWREHPRLVWHUDQGWRKROGJUHDWHUSRWHQWLDOIRUWKH
RFFXUUHQFH RI JURXQGZDWHU IORZ 7KH OLQHDPHQWV ZHUH DOVR
YLVXDOO\ DVVHVVHG LQ WHUPV RI JURXQGZDWHU IORZSRWHQWLDO DQG LQ
FRQMXQFWLRQZLWKWKH1'9,DTXDOLWDWLYHYDOXHRIKLJKPHGLXP










6RLO FKDUDFWHULVWLFV DUH DOVR LPSRUWDQW LQ GHWHUPLQLQJ
HIIHFWLYH JURXQGZDWHU UHFKDUJH 7KH RQO\ VRLO LQIRUPDWLRQ
DYDLODEOHDWDVFDOHFRPSDUDEOHWRWKLVVWXG\LHLVWKH
,6&: /DQG 7\SH GDWD VHW 7KH /DQG 7\SHV ZHUH PDSSHG
QDWLRQDOO\ DW D VFDOH RI   DQG WDNH LQWR DFFRXQW WHUUDLQ
IRUPWRSRJUDSK\DQGPLFURFOLPDWH/DQG7\SHVZHUHGHULYHGWR
DVVLVW LQ GHWHUPLQLQJ DJULFXOWXUDO SRWHQWLDO$OWKRXJK DFWXDO VRLO
W\SHV DUH QRW PDSSHG XVHIXO LQIRUPDWLRQ DVVRFLDWHGZLWK /DQG
7\SHV LQFOXGHV WKH SHUFHQWDJH FOD\ VRLO WKLFNQHVV DQG WH[WXUH
ZLWKLQHDFK/DQG7\SH




IDFWRU LQ FDOFXODWLQJ UHFKDUJH SRWHQWLDO 7KH GHHSHU WKH
JURXQGZDWHUWKHPRUHOLNHO\WKHDGVRUSWLRQRILQILOWUDWLQJVXUIDFH
PRLVWXUH ZLWKLQ WKH XQVDWXUDWHG ]RQH DQG WKH PRUH HIIHFWLYH
JURXQGZDWHUUHFKDUJHLVUHGXFHG
7KH LQSXWGDWD IRU WKHGHSWK WRJURXQGZDWHU OHYHOSDUDPHWHU
QHHGV WR EH FDUHIXOO\ DVVHVVHG EHIRUH EHLQJ XVHG WR JHQHUDWH
JURXQGZDWHU OHYHO VXUIDFHV $Q LPSRUWDQW LVVXH LV WR GHWHUPLQH
ZKHWKHUWKHERUHKROHZDWHUOHYHOVUHFRUGHGDUHG\QDPLFRUVWDWLF
YDOXHV ,Q DGGLWLRQ WKH IUDFWXUHG IORZ GRPLQDWHG QDWXUH RI
JURXQGZDWHU RFFXUUHQFH VKRXOG EH WDNHQ LQWR DFFRXQW ZKHQ
JHQHUDWLQJDGHSWKWRZDWHUOHYHOFRQWRXUPDS,QDGGLWLRQLQSXW
YDOXHV DOVR QHHG WR EH DVVHVVHG DV WR ZKHWKHU WKH\ DUH
UHSUHVHQWLQJFRQILQHGRUXQFRQILQHGDTXLIHUFRQGLWLRQV
7KHILQDOIDFWRUWDNHQLQWRDFFRXQWZDVJHRORJLFDOOLWKRORJ\





FODVVLILFDWLRQ WDEOHV DQG WKHQ DOVR ZHLJKWHG DFFRUGLQJ WR KRZ
VLJQLILFDQW WKH LQGLYLGXDO IDFWRU ZDV FRQVLGHUHG WR EH LQ
FRQWULEXWLQJWRJURXQGZDWHUUHFKDUJHSRWHQWLDO2QFHWKHZHLJKWV
KDG EHHQ DSSOLHG WR WKH JULGV WKH\ ZHUH WKHQ VXPPHG DQG WKH
ILQDOJULGVXEGLYLGHGLQWRTXDOLWDWLYHFODVVHVUDQJLQJIURPORZ
WRKLJKUHODWLYHUHFKDUJHSRWHQWLDO
7KH QH[W VWHSZDV WR REWDLQ HIIHFWLYH JURXQGZDWHU UHFKDUJH
YDOXHVSHUERUHKROHIRUWKHVWXG\DUHD7KLVH[HUFLVHLVFXUUHQWO\
EHLQJ FDUULHGRXW DQGRQFH WKHYDOXHV DUHREWDLQHG WKH\ZLOO EH
XVHGWRFDOLEUDWHWKHJULGLQWRDSHUFHQWDJHHIIHFWLYHJURXQGZDWHU
UHFKDUJHJULG+RZHYHU LQ WKHPHDQZKLOHD UDQJHRIYDOXHV IRU





DQG WKHQPXOWLSOLHGZLWK WKH WRWDOSUHFLSLWDWLRQPDSIRU WKH\HDU








$ QXPEHU RI DVVXPSWLRQV QHHG WR EH PDGH WR DUULYH DW D
JURXQGZDWHUUHFKDUJHSRWHQWLDOPDS7KHIUDFWXUHIORZGRPLQDWHG
PHFKDQLVPV FRPSOLFDWH WKH GHWHUPLQDWLRQ RI HIIHFWLYH
JURXQGZDWHU UHFKDUJH KRZHYHU E\ DGRSWLQJ D EHVWHVWLPDWH
DSSURDFKDILQDODQVZHURIHIIHFWLYHUHFKDUJHFDQEHSURGXFHG,Q
DGGLWLRQ WR UHYHDOLQJ DFWXDO UHFKDUJH DPRXQWV WKH VSDWLDO
YDULDELOLW\ RI UHFKDUJH DFURVV WKH VWXG\ DUHD LV VKRZQ 7KH
UHFKDUJH PDS SURYLGHV YDOXDEOH LQIRUPDWLRQ IRU JURXQGZDWHU
UHVRXUFH PDQDJHPHQW DOWKRXJK LQ D IUDFWXUH IORZ GRPLQDWHG
HQYLURQPHQW UHFKDUJH DUHDV PD\ RFFXU VLJQLILFDQW GLVWDQFHV







7KH UHVXOWV REWDLQHG GR UHIOHFW WKH FRQFHSWXDO WKLQNLQJ RQ
UHFKDUJHRFFXUUHQFHZLWKLQWKHDUHDKRZHYHUIXUWKHUUHILQHPHQW
DQG FDOLEUDWLRQ LV UHTXLUHG 7KH DSSURDFK XVHG GRHV QRW
DGHTXDWHO\ WDNH LQWR DFFRXQW WKH  GLPHQVLRQDO IUDFWXUHG
GRPLQDWHG IORZ RFFXUUHQFHV DQG PHFKDQLVPV RI JURXQGZDWHU
+RZHYHU D ILUVW DSSUR[LPDWLRQ ZDV PDGH DQG D PHWKRGRORJ\
GHYHORSHG,WLVHVVHQWLDOWRREWDLQDJUHDWHUXQGHUVWDQGLQJRIWKH
VWUXFWXUDODQGWHFWRQLFKLVWRU\RIWKHDUHDDVZHOODVWKHUHFKDUJH
HVWLPDWHV IURP LQGLYLGXDO ERUHKROH DVVHVVPHQWV XVLQJ WKHPRVW







7KH 6RXWK $IULFDQ:DWHU 5HVHDUFK &RPPLVVLRQ LV WKDQNHG IRU







6PLWK /  5HPRWH 6HQVLQJ 'DWD IRU (IIHFWLYH %RUHKROH
6LWLQJ 3URJUHVV 5HSRUW  'HSW RI *HRORJ\ &KDOPHUV
8QLYHUVLW\RI7HFKQRORJ\*|WHERUJ6ZHGHQ
0XUUD\5*XLGHOLQHVIRUDVVHVVLQJVLQJOHERUHKROH\LHOGV

















$ E V W U D F W   ,QIUDFWXUHGURFNDTXLIHUVWKHGLVWULEXWLRQRIJURXQGZDWHUDJHVZLOOGHSHQGRQIUDFWXUHDQGPDWUL[SURSHUWLHV6LPSOH
DQDO\WLFDOPRGHOVDUHDYDLODEOHIRUGHVFULELQJJURXQGZDWHUDJHSURILOHVIRURQHGLPHQVLRQDOIORZWKURXJKYHUWLFDOO\IUDFWXUHGDTXLIHUV







7KHUH KDYH EHHQ PDQ\ VWXGLHV LQ ZKLFK JURXQGZDWHU DJHV LQ
SRURXVPHGLDDTXLIHUVKDYHEHHQXVHGWRGHWHUPLQHJURXQGZDWHU
IORZ YHORFLWLHV ,Q IUDFWXUHG SRURXV PHGLD KRZHYHU VROXWH




WKDW GR QRW UHIOHFW WKH K\GUDXOLF DJH RI WKHZDWHU'HVSLWH WKLV
JURXQGZDWHU DJHV LQ IUDFWXUHG URFN DTXLIHUV DUH XVXDOO\
LQWHUSUHWHGXVLQJSLVWRQIORZPRGHOVDSUDFWLFHWKDWFDQUHVXOWLQ
VHULRXV HUURUV LQ WKH HVWLPDWHG IORZYHORFLWLHV ,Q WKLV SDSHUZH
GHVFULEHKRZJURXQGZDWHUDJHVLQIUDFWXUHGURFNDTXLIHUVFDQEH
XVHGWRREWDLQLQIRUPDWLRQRQDTXLIHUSURSHUWLHVDQGJURXQGZDWHU
IORZ YHORFLWLHV WKURXJK IUDFWXUHV XVLQJ PRGHOV WKDW UHSUHVHQW
IUDFWXUH IORZDQGPDWUL[GLIIXVLRQSURFHVVHV ,Q WKH ILUVW VHFWLRQ
RIWKHSDSHUZHFRQVLGHUJURXQGZDWHUDJHGLVWULEXWLRQVWKDWDULVH
GXHWRRQHGLPHQVLRQDOIORZWKURXJKYHUWLFDOIUDFWXUHV1H[WZH
FRQVLGHU KRZ WKHVH SURILOHV DUH PRGLILHG E\ WZRGLPHQVLRQDO
IORZ DQG E\ WKH SUHVHQFH RI KRUL]RQWDO IUDFWXUHV )LQDOO\ ZH






,Q YHUWLFDOO\IUDFWXUHG PHGLD DQDO\WLFDO DQG QXPHULFDO PRGHOV







































ZKHUH WD LV WKH DSSDUHQW JURXQGZDWHU DJH ] LV GHSWK9Z LV WKH
YHUWLFDO ZDWHU YHORFLW\ ZLWKLQ WKH IUDFWXUHV TP LV WKH PDWUL[
SRURVLW\'LVWKH&GLIIXVLRQFRHIILFLHQWZLWKLQWKHPDWUL[OLV
WKHUDGLRDFWLYHGHFD\FRQVWDQWIRU&ELVWKHIUDFWXUHDSHUWXUH
DQG% LV WKH IUDFWXUHVSDFLQJ 7KHGLIIXVLRQFRHIILFLHQWZLWKLQ
WKHPDWUL[LVJLYHQE\ WTP''  ZKHUH'LVWKHIUHHVROXWLRQ







&RRN DQG 6LPPRQV  DOVR DUJXHG WKDW DQ DQDO\WLFDO
VROXWLRQ IRU WKH WUDQVSRUW RI D VKRUW µWRSKDW¶ SXOVH RI VROXWH
WKURXJK D V\VWHP RI SODQDU SDUDOOHO IUDFWXUHV FRXOG EH XVHG WR
DSSUR[LPDWH WKH WUDQVSRUW RI + DQG &O WKURXJK YHUWLFDO
IUDFWXUHV :KHUH WKH IUDFWXUH VSDFLQJ LV ODUJH QR LQWHUDFWLRQ





































FRUUHFWLRQ IRU UDGLRDFWLYH GHFD\ ]HUR DW RWKHU WLPHV 7 LV WKH
OHQJWKRIWKHSXOVHDQG W LVWKHWLPHZKLFKKDVHODSVHGVLQFHWKH
FRPPHQFHPHQW RI WKH SXOVH /HYHU DQG %UDGEXU\  ,W LV





   

7KHVH DQDO\WLFDO VROXWLRQV DVVXPH VLPSOH SDWWHUQV RI WUDFHU
LQSXW +RZHYHU ZKLOH WKH\ DUH XVHIXO IRU XQGHUVWDQGLQJ
JURXQGZDWHU DJH SDWWHUQV LQ WKH VXEVXUIDFH DFWXDO WUDFHU LQSXWV
GR QRW H[DFWO\ PDWFK WKRVH DVVXPHG E\ WKH DQDO\WLFDO PRGHOV
1XPHULFDOVLPXODWLRQVRI &&)&DQG+WUDQVSRUW WKURXJK
LGHQWLFDO SODQDU SDUDOOHO YHUWLFDO IUDFWXUHV LQ DQ LPSHUPHDEOH
PDWUL[KDYHEHHQSUHVHQWHGE\&RRNDQG6LPPRQVXVLQJ
PHDVXUHG DWPRVSKHULF LQSXW FRQFHQWUDWLRQV IRU WKHVH WUDFHUV
&RRNDQG5RELQVRQFDUULHGRXWVLPXODWLRQVRI+DQG&O
SURILOHV LQ YHUWLFDOO\IUDFWXUHG DTXLIHUV DQG LQYHVWLJDWHG KRZ








:KHUH ODUJH KRUL]RQWDO IUDFWXUHV RFFXUZLWKLQ WKH SURILOH WKHVH
FDQ LQWHUFHSW WKH YHUWLFDO PRYLQJ JURXQGZDWHU DQG GLYHUW LW
ODWHUDOO\:HKDYHH[DPLQHGWKHLQIOXHQFHRIKRUL]RQWDOIUDFWXUHV
RQ JURXQGZDWHU DJHV XVLQJ WKH QXPHULFDO PRGHO )5$&'96
7KHUULHQDQG6XGLFN\7KHPRGHOGLPHQVLRQVDUHPu
PuP,QDOOFDVHVDVLQJOHYHUWLFDOIUDFWXUHZLWKDSHUWXUH
 PP UDQ WKH OHQJWK RI WKH PRGHO ZLWK QR IORZ ERXQGDULHV
ORFDWHGPHLWKHUVLGHRIWKLVIUDFWXUHWRVLPXODWHIORZWKURXJK
LGHQWLFDO SDUDOOHO IUDFWXUHV ZLWK D VSDFLQJ RI  P 7KH PDWUL[
K\GUDXOLF FRQGXFWLYLW\ZDV VHW WREHYHU\ ORZ WR VLPXODWH IORZ




,QLWLDOO\ D VLPXODWLRQ ZDV FDUULHG RXW WR VLPXODWH YHUWLFDO
IORZRQO\E\XVLQJQRIORZERXQGDU\FRQGLWLRQVRQDOOVLGHVDQG
DFRQVWDQWKHDGERXQGDU\FRQGLWLRQRQWKHORZHUERXQGDU\7KH
UHVXOWLQJ SURILOHV ZLWKLQ WKH YHUWLFDO IUDFWXUH DQG ZLWKLQ WKH


PDWUL[  P IURP WKH IUDFWXUH DUH VKRZQ DV WKH VROLG OLQH LQ







GLPHQVLRQDO IORZ ILHOG FRPSULVLQJ LGHQWLFDO SODQDU SDUDOOHO
YHUWLFDO IUDFWXUHVZLWK DQGZLWKRXWKRUL]RQWDO IUDFWXUHVDW 
PGHSWK7KHVROLG OLQHGHSLFWV WKH&)&SURILOH IRUDRQH
GLPHQVLRQDOIORZILHOG

(YHQ LQ WKH DEVHQFH RI WKH KRUL]RQWDO IUDFWXUH &)&
FRQFHQWUDWLRQVDWDOOGHSWKVDUHVRPHZKDWOHVVWKDQLQWKHYHUWLFDO
IORZVLPXODWLRQ7KLVUHVXOWVIURPWKHFXUYDWXUHRIWKHIORZOLQHV
LQD WZRGLPHQVLRQDO IORZ ILHOG ,QSRURXVPHGLDJURXQGZDWHU




WKH IUDFWXUH DSHUWXUH KDV WZR QRWLFHDEOH HIIHFWV )LUVWO\
FRQFHQWUDWLRQV DERYH WKH IUDFWXUH LQFUHDVH 7KLV RFFXUV EHFDXVH
WKH IUDFWXUH DFWV DV DGUDLQ DQGZDWHU LVGUDZQGRZQYHUWLFDOO\
WRZDUGV LW ,W GHFUHDVHV WKH KRUL]RQWDO FRPSRQHQW RI WKH

















LQIOXHQFH RI HDFK IUDFWXUH GHFUHDVHV VR WKDW XOWLPDWHO\ WKH






IURP SLH]RPHWHU QHVWV FRQVWUXFWHG LQ IUDFWXUHG PHWDPRUSKLF
URFNV LQ WKH&ODUH9DOOH\6RXWK$XVWUDOLD &RRN DQG6LPPRQV
&RRNDQG5RELQVRQ:HKDYHFDUULHGRXWQXPHULFDO
VLPXODWLRQV WR UHSURGXFH WKH REVHUYHG SURILOHV EDVHG RQ IORZ
WKURXJK D VHULHV RI SDUDOOHO YHUWLFDO IUDFWXUHV LQWHUVHFWHG E\ D
VLQJOHODUJHDSHUWXUHKRUL]RQWDOIUDFWXUH7KHKRUL]RQWDOIUDFWXUH
UHSURGXFHVWKHODUJHLQFUHDVHLQJURXQGZDWHUDJHWKDWLVREVHUYHG
WR RFFXU EHWZHHQ  DQG  P GHSWK ZLWKLQ WKH DTXLIHU 7KH








YHUWLFDO IUDFWXUHV WR UHSUHVHQW IORZ WKURXJK DTXLIHUV FRQWDLQLQJ
ERWKKRUL]RQWDODQGYHUWLFDOIUDFWXUHV7UDFHUFRQFHQWUDWLRQVDQG
KHQFH DSSDUHQW JURXQGZDWHU DJHV DW D JLYHQ GHSWK ZLWKLQ
IUDFWXUHG URFN DTXLIHUV ZLOO EH D IXQFWLRQ RI WKH VSDFLQJ DQG
DSHUWXUHRIWKHYHUWLFDOIUDFWXUHVWKHPDWUL[SRURVLW\DQGHIIHFWLYH
GLIIXVLRQFRHIILFLHQWDQGWKHDTXLIHUUHFKDUJHUDWH7KHSUHVHQFH
RI ODUJH QXPEHUV RI KRUL]RQWDO IUDFWXUHVZLOO QRW FDXVH IORZ WR
GHSDUW VLJQLILFDQWO\ IURP WKH RQHGLPHQVLRQDO DSSUR[LPDWLRQ
:KHUHDVPDOOHUQXPEHURIKRUL]RQWDOIUDFWXUHVDUHSUHVHQWWKHQ





&RRN 3* 6LPPRQV &7  8VLQJ HQYLURQPHQWDO WUDFHUV WR
FRQVWUDLQ IORZ SDUDPHWHUV LQ IUDFWXUHG URFN DTXLIHUV &ODUH
9DOOH\6RXWK$XVWUDOLD ,Q)D\ELVKHQNR%:LWKHUVSRRQ3$




LQ IUDFWXUHG URFN IURP HQYLURQPHQWDO + DQG &O &ODUH
9DOOH\ 6RXWK $XVWUDOLD :DWHU 5HVRXUFHV 5HVHDUFK
:5
/HYHU '$ %UDGEXU\0+  5RFNPDWUL[ GLIIXVLRQ DQG LWV
LPSOLFDWLRQV IRU UDGLRQXFOLGH PLJUDWLRQ 0LQHUDORJLFDO
0DJD]LQH
6XGLFN\($)ULQG(2&RQWDPLQDQWWUDQVSRUWLQIUDFWXUHG
SRURXV PHGLD DQDO\WLFDO VROXWLRQV IRU D V\VWHP RI SDUDOOHO
IUDFWXUHV:DWHU5HVRXUFHV5HVHDUFK
7KHUULHQ 5 6XGLFN\ ($  7KUHHGLPHQVLRQDO DQDO\VLV RI
YDULDEO\VDWXUDWHG IORZ DQG VROXWH WUDQVSRUW LQ GLVFUHWHO\

















$ E V W U D F W   *URXQGZDWHU LVWKHPRVWFRVWHIIHFWLYHRSWLRQRIVDIHZDWHUVXSSO\WRUXUDOFRPPXQLWLHV LQ*KDQD7RGHWHUPLQHWKH




WKH URFNVSHUPLW WKHDEVWUDFWLRQRI ODUJHUTXDQWLWLHVRIJURXQGZDWHU UHFKDUJHZLOOQRWEHD OLPLWLQJ IDFWRU LQJURXQGZDWHU UHVRXUFHV









HPSKDVLVHG WRR VWURQJO\ VLQFH JURXQGZDWHU UHPDLQV WKH PRVW
UHOLDEOH DOWHUQDWLYH VRXUFH RI ZDWHU VXSSO\ IRU WKH QXPHURXV
VFDWWHUHG UXUDO FRPPXQLWLHV LQ *KDQD $ERXW  RI WKH
SRSXODWLRQ LV VXSSOLHGE\JURXQGZDWHU+DUG FRQVROLGDWHG URFNV
KRZHYHU XQGHUOLH WKH JUHDWHU SDUW DERXW  RI WKH FRXQWU\
PDNLQJ LW GLIILFXOW WR GHYHORS ODUJH FRQFHQWUDWHG VXSSOLHV RI
JURXQGZDWHU 7KHUH LV WKHUHIRUH WKH QHHG WR DVFHUWDLQ WKH
JURXQGZDWHU UHVRXUFH SRWHQWLDO WR ILQG RXW LI WKH LQFUHDVLQJ
ZLWKGUDZDOLVVXVWDLQDEOH
7R GHWHUPLQH WKH WKUHVKROG RI JURXQGZDWHU DEVWUDFWLRQ DQG
YHULI\ WKH PHWKRGRORJLFDO DSSURDFK RI DVVHVVLQJ QDWXUDO
JURXQGZDWHUUHVRXUFHVRIKDUGURFNVLQDWURSLFDOVHWWLQJVWXGLHV
RQ ZHOO SURGXFWLYLW\ DQG GLUHFW QDWXUDO UHFKDUJH WR WKH VKDOORZ
DTXLIHUV LQ D PDMRU ULYHU EDVLQ 3UD 5LYHU LQ 6: *KDQD KDYH
EHHQ FDUULHG RXW 7KH OLPLWLQJ HIIHFWV RI HLWKHU SHUPHDELOLW\ RI
URFNV RU UHSOHQLVKPHQW RI DTXLIHUV XQGHU QDWXUDO FRQGLWLRQV RQ
JURXQGZDWHUGHYHORSPHQWDUHDOVRDVVHVVHG
7KH3UDULYHUEDVLQFRYHUVDQDUHDRIDERXWNP7KH
UHJLRQ LVZDUP DQGPRLVW WKURXJKRXWPRVW RI WKH \HDU DQG WKH
YHJHWDWLRQ LV RI PRLVW VHPLGHFLGXRXV IRUHVW W\SH 7KH PHDQ
DQQXDO WHPSHUDWXUH LV  & DQG WKH DQQXDO UDLQIDOO YDULHV
EHWZHHQ±PP7KHPHDQDQQXDOUXQRIIUDQJHVIURP
WR  PV UHSUHVHQWLQJ RQO\ DERXW  RI UDLQIDOO %LULPLDQ
URFNV SK\OOLWH VFKLVW DQG WXII DQG DVVRFLDWHG JUDQLWRLG









7KH 6DFUDPHQWR VRLO PRLVWXUHDFFRXQWLQJ 6$&60$




VLPXODWLRQ RI UDLQIDOO±UXQRII SURFHVVHV 7KH SULPDU\ HOHPHQWV
LQYROYHGZHUHWKXVWKHFDWFKPHQWUXQRIIDQGVWDWLRQSUHFLSLWDWLRQ
HYDSRWUDQVSLUDWLRQ DQG EDVLQ FKDUDFWHULVWLFV DQG EDVH IORZ
DQDO\VLV (YDSRUDWLRQ UDWHV DV LQSXWV ZHUH HVWLPDWHG IURP
PHWHRURORJLFDO YDULDEOHV XVLQJ ORQJWHUP PHDQ YDOXHV 7KH
SULPDU\EDVH IORZFKDUDFWHULVWLFVZHUHJHQHUDOO\HVWLPDWHG IURP
WKH GDLO\ GLVFKDUJHV ZKHQ WKH IORZ UDWHV UHPDLQHG DOPRVW
FRQVWDQW IRU DQ H[WHQGHG SHULRG 'XULQJ WKH VLPXODWLRQ PRUH







SURYLGHV LQLWLDO DSSUR[LPDWLRQV WRZDWHU DEVWUDFWLRQ SRVVLELOLWLHV








DQG ILJ FRPSDUHV WKH REVHUYHG DQG VLPXODWHG GLVFKDUJHV 7KH









<HDU 6LPXODWHGUXQRIIFRPSRQHQWV>@  

 350 683 ,03 ',5685,17

    
    
    
    
    
    

0HDQ    

([SODQDWLRQ 350 SULPDU\ EDVH IORZ 683 VXSSOHPHQWDU\ EDVH
IORZ ,03 DQG ',5 GLUHFW UXQRII IURP SHUPDQHQW DQG WHPSRUDU\







*URXQGZDWHU UHFKDUJH ZDV HVWLPDWHG E\ FRQVLGHULQJ WKH
PHDVXUHG GLVFKDUJH RI JURXQGZDWHU DFURVV WKH ERXQGDU\ RI WKH
EDVLQ WREHHTXDO WR WKHQHW UHFKDUJH LQVLGH WKHFDWFKPHQW2YHU
SHULRGV RI HTXLYDOHQW VWRUDJH UHFKDUJH WR JURXQGZDWHU LV WKXV
JLYHQ E\ WKH ORQJWHUP FRPSRQHQW RI EDVH IORZ IURP WKH
K\GURJUDSK
7KH UHFKDUJH UDWHPRXQWHG WR DQ DQQXDO DYHUDJH RI PP
7KLVUHSUHVHQWHGRIPHDQDQQXDOUDLQIDOORIPPJLYLQJ
QDWXUDO JURXQGZDWHU UHVRXUFHV SRWHQWLDO RI  /VNP 7DE
JLYHVWKHUHFKDUJHYDULDWLRQVIRUUHVSHFWLYH\HDUV
$OWKRXJK WKH GDQJHUV RI JHQHUDOLVDWLRQV LQ KDUG URFNV DUH
REYLRXVLQDUHDVRIVKDOORZDTXLIHUVZKHUHWKHRYHUEXUGHQIRUPV
WKH PDLQ JURXQGZDWHU UHVHUYRLU FOLPDWLF DQG PHWHRURORJLFDO
IDFWRUVFRXOGPDVNJHRORJLFDOFRQGLWLRQV3HUPDQHQWFRPSRQHQWV
























VXVWDLQDEOH\LHOGRI /V)RU UXUDOZDWHU VXSSO\ WKH DYHUDJH
GHPDQGIRUDKDQGSXPSZLOOEHP\URYHUDKRXUSHU
GD\SXPSLQJGD\SHU\HDU,I LW LVDVVXPHGWKDWWKH\LHOGLV
WRWDOO\ GHSHQGHQW RQ SUHFLSLWDWLRQ UHFKDUJH WKHQ DQ DUHD RI 
NPZLOOEHUHTXLUHGIRULWVVXVWHQDQFHDWWKHUHFKDUJHUDWHRI
PP\U7KLVLVHTXLYDOHQWWRDUHFKDUJHUDGLXVRIRQO\DERXW
P DURXQG WKH ERUHKROH %DVHG RQ HTXLYDOHQW FRQGLWLRQV DQG
DYHUDJH DTXLIHU FKDUDFWHULVWLFV IRU EDVHPHQW URFNV WKH FRQH RI
GHSUHVVLRQ GXH WR SXPSLQJ ZRXOG H[WHQG WR DW OHDVW P
DURXQGWKHERUHKROH+RXVWRQ7DNLQJWKHPLQLPXPUHDFK
RI WKH GHSUHVVLRQ FRQH DV WKH ILUVW ]RQH RI HQYLURQPHQWDO
SURWHFWLRQ DURXQG WKH ERUHKROH IRU UHFKDUJH WKH QDWXUDO









,Q PRUH SHUPHDEOH ]RQHV KRZHYHU WKH UHFKDUJH DUHD FRXOG
H[WHQGEH\RQGWKHDVVXPHGPDURXQGWKHZHOODQGGLIIHUHQW
DEVWUDFWLRQ VFHQDULRV ZLOO KDYH WR EH VLPXODWHG WR DUULYH DW WKH







EDVH IORZV FRQVWLWXWHG DSSUR[LPDWHO\RI WRWDO UXQRIIZLWK
WKH ORQJWHUP FRPSRQHQW SULPDU\ EDVH IORZ UHSUHVHQWLQJ DQ
DYHUDJH RI  7KH PHDQ DQQXDO UHFKDUJH UDWH ZDV
DSSUR[LPDWHO\PP7KLVUHSUHVHQWHGDERXWRIPHDQDQQXDO
UDLQIDOO RI  PP JLYLQJ QDWXUDO JURXQGZDWHU UHVRXUFHV
SRWHQWLDORI/VNP2QWHPSRUDOEDVLVWKHDQDO\VLVVKRZHG




DUHDV ZKHUH ZHOOV FDQ \LHOG RQO\ OLPLWHG TXDQWLWLHV RI ZDWHU
UHVXOWV IURP WKH 3UD ULYHU EDVLQ LQGLFDWH WKDW UHFKDUJHZRXOG EH
VXIILFLHQW WR VXVWDLQ D WKUHVKROG \LHOG RI /V7KLVZLOO EH WKH
FDVHIRUPRVWULYHUEDVLQVLQ6:*KDQD
/RQJHU GDWD OHQJWK ZLOO EH UHTXLUHG IRU FRPSUHKHQVLYH







%XUQDVK 5-& )HUUDO 5/ 0F*XLUH 5$  $ JHQHUDOLVHG
VWUHDP IORZ VLPXODWLRQ V\VWHP &RQFHSWXDO PRGHOOLQJ IRU
GLJLWDOFRPSXWHUV1:6DQG6WDWHRI&DOLIRUQLD'HSWRI:DWHU
5HV6DFUDPHQWRSS
'DUNR 3.  (VWLPDWLRQ RI QDWXUDO GLUHFW JURXQGZDWHU
UHFKDUJH LQ 6: *KDQD XVLQJ ZDWHU EDODQFH VLPXODWLRQV -
+\GURO+\GURPHFK
+RXVWRQ -  5DLQIDOOUXQRIIUHFKDUJH UHODWLRQVKLSV LQ WKH
EDVHPHQW URFNV RI =LPEDEZH ,Q /HUQHU '1 ,VVDU $6
6LPPHUV , HGV *URXQGZDWHU UHFKDUJH  D JXLGH WR
XQGHUVWDQGLQJDQGHVWLPDWLQJQDWXUDOUHFKDUJH,$+
.QRSPDQ '6  )DFWRUV UHODWHG WR WKH ZDWHU\LHOGLQJ
SRWHQWLDO RI URFNV LQ WKH 3LHGPRQW DQG 9DOOH\ DQG 5LGJH
SURYLQFHV RI 3HQQV\OYDQLD86*HRO 6XUYH\:DWHU 5HVRXUFHV
,QYHVWLJDWLRQ5HSRUWSS









































,Q WKH IUDPHZRUN RI WKH%0%) )HGHUDO0LQLVWU\ RI(GXFDWLRQ
DQG5HVHDUFK SURMHFW ³*OREDO FKDQJH RI WKHZDWHU F\FOH´ ,0
3(786:HVW $IULFD LQWHJUDWHG DSSURDFK WR WKH HIILFLHQW PDQ










GLVFLSOLQHV LQYHVWLJDWLRQV KDYH EHHQ FDUULHG RXW LQ WKH $JXLPD

















PRQLWRULQJ QHWZRUN KDV EHHQ HVWDEOLVKHG 0RQLWRULQJ RI WKH
YDGRVHV\VWHPKDVEHHQSHUIRUPHGE\7'5PHDVXULQJ WXEHV
UHSUHVHQWDWLYHO\SODFHGLQWKHWHVWVLWHILJFLQGHSWKVIURP
WR  FP:HHNO\ PHDVXUHPHQW KDYH EHHQ FDUULHG RXW ZLWK D
PRELOH7'5WXEHDFFHVVSUREH
%DVHGRQWKHVHPHDVXUHPHQWVWKHGHYHORSPHQWRIWKHVRLOZD
WHU FRQWHQW LQ WKH XQVDWXUDWHG ]RQH LQ UHVSHFW WR JHRORJ\ DQG
OLWKRORJ\ FDQ EH GLVWLQJXLVKHG %RWK D FOHDU GHSHQGHQFH RI WKH
VRLOPRLVWXUH FRQWHQW RQ WKH VXEVWUDWH DVZHOO DV D VWURQJ LQIOX
HQFHRI ORZSHUPHDEOHKRUL]RQVRQ WKHSHUFRODWLQJZDWHU LVHYL
GHQW ILJ7KH ODWHULWLF VWUHQJWKHQHGVRLOKRUL]RQVDFWDVDTXL
WDUGV ILJ%'%'ZKHUHSHUFRODWLRQRI WKH LQILOWUDWLQJ
SUHFLSLWDWLRQZDWHULVGHYLDWHGDQGIRUPVLQWHUIORZILJ+RZ
HYHUDSDUWRIWKHSHUFRODWHLVDEOHWRSDVVWKHQHDUO\LPSHUPHDEOH
ODWHULWLF KRUL]RQV WKURXJK SUHIHUHQWLDO IORZSDWKV DQG WKXV FRQ


























%HVLGH WKH TXDQWLILFDWLRQ RI WKHZDWHU FRQWHQW WKHZDWHU TXDOLW\
KDVEHHQREVHUYHG6RIDU WKH WZRYLOODJHZHOOVDQG WKUHHDGGL
WLRQDOO\ GULOOHG ERUHKROHV ZHUH WDNHQ DV UHSUHVHQWDWLYH IRU WKH
JURXQGZDWHU LQ WKH PLJPDWLWLF IUDFWXUHG DTXLIHU 6XFWLRQ FXSV
KDYH EHHQ XVHG IRU WKH VRLOZDWHU FKHPLVWU\ 6XUIDFHZDWHU KDV
EHHQVDPSOHG WRR$QDO\VHVRI WKH WDNHQZDWHUVDPSOHV LQFOXGH
YDULRXVK\GURFKHPLFDOSDUDPHWHUVILJDQGWKHLVRWRSLFFRQWHQW
+2+$UWLILFLDOWUDFHUWHVWV8UDQLQH6XOIRUKRGDPLQH%
ERWK LQ WKH XQVDWXUDWHG DQG VDWXUDWHG ]RQH DV ZHOO DV SXPSLQJ





WHU FKHPLVWU\GHYLDWH FRQVLGHUDEO\ IURP WKHREVHUYHG VRLOZDWHU
FKHPLVWU\ DQG SRLQWV WR DPDMRU JURXQGZDWHU LQIORZ IURPRWKHU
UHFKDUJH DUHDV 7KH 2±FRQWHQW RI JURXQGZDWHU SURYLGHV VRPH






7KLV ZRUN ZDV VXSSRUWHG E\ WKH )HGHUDO *HUPDQ 0LQLVWU\ RI
(GXFDWLRQ DQG 5HVHDUFK %0%) XQGHU JUDQW 1R *:. 
DQGE\WKH0LQLVWU\RI6FLHQFHDQG5HVHDUFK0:)RIWKHIHG
HUDOVWDWHRI1RUWKUKLQH:HVWIDOLDXQGHUJUDQW1R
6SHFLDO WKDQNV JR WR 'LSO3K\V : 6WLFKOHU IRU DQDO\VLQJ WKH







% 6NRZURQHN $  6RLO ZDWHU G\QDPLFV VXUIDFH UXQRII
JURXQGZDWHU UHFKDUJH DQG VRLO GHJUDGDWLRQRQ ORFDO WR UHJLRQDO
VFDOH,Q*6)±)RUVFKXQJV]HQWUXPIU8PZHOWXQG*HVXQGKHLW

























LQGLFDWHG UDSLG UHFKDUJH SDWKZD\V IXUWKHU XSVORSH 7KH GLIIHUHQW IORZ SDWKZD\V DQG WUDYHO WLPHV UHVXOWHG LQ D GLIIHUHQW FKHPLFDO
FKDUDFWHURIJURXQGZDWHUVLQGLIIHUHQWIUDFWXUHV%HGURFNJURXQGZDWHUVZHUHVKRZQWRGLVFKDUJHLQWRWKHVWUHDPIURPWKHVHGLIIHUHQW
IUDFWXUHV*URXQGZDWHUXSZHOOLQJLQWRWKHVRLOVZDVDOVRREVHUYHGDWVRPHORFDWLRQVLQGLFDWLQJVRLOZDWHUWREHVRXUFHGIURPDPL[LQJ








EHHQ PRGHOOHG DV D VLPSOH ³EODFNER[´ UDLQIDOOUXQRII SURFHVV
ZKHUH WKH GRPLQDQW IORZ SDWKZD\ LV WKURXJK WKH VXUIDFH OD\HU
SXUHO\ EHFDXVH RI WKH UDSLG VWUHDPIORZ UHVSRQVH WR UDLQIDOO
+RZHYHU DWWHQXDWLRQ RI WKH VWUHDPIORZ FKORULGH VLJQDO ZKHQ
FRPSDUHG WR UDLQIDOO LQSXWV 1HDOHWDOKDVVXJJHVWHG WKH
SUHVHQFH RI D K\GURFKHPLFDO ³PL[LQJSRW´0RUH UHFHQW VWXGLHV
KDYHKLJKOLJKWHGWKHSRWHQWLDOO\LPSRUWDQWUROHRIJURXQGZDWHUD
FRPSRQHQWJHQHUDOO\LJQRUHGLQVWUHDPIORZJHQHUDWLRQ6KDQGHW
DO  'HVSLWH QHZ HYLGHQFH WR WKH FRQWUDU\ PDQ\
K\GURORJLVWVDUHVWLOOHQDPRXUHGZLWK WKHUDLQIDOOUXQRIIFRQFHSW
IRU H[SODLQLQJPRGHOOLQJ XSODQG VWUHDPIORZ SURFHVVHV 7KH
FRQFHSW RI D K\GURORJLFDO UHVHUYRLU D ³PL[LQJSRW´ IRU ROG DQG
QHZZDWHU LQYROYHG LQVWUHDPIORZSURFHVVHV LV IXQGDPHQWDO IRU
DFFXUDWHO\ H[SODLQLQJ DQG PRGHOOLQJ FDWFKPHQW UHVSRQVH 7KH






$ GHWDLOHG SK\VLFRFKHPLFDO VWXG\ ZDV VHW XS LQ WKH IRUHVWHG






















)LJXUH  6FKHPDWLF UHSUHVHQWDWLRQ RI WKH QHVWHG
LQVWUXPHQWDWLRQ

VWUHDP DQG JURXQGZDWHU SDWKZD\V DQG PL[LQJ SURFHVVHV 7KH
LQWHUDFWLRQ RI VRLO ZDWHU DQG JURXQGZDWHU ZDVPRQLWRUHG XVLQJ
ORJJLQJ 3UHVVXUH 7UDQVGXFHU 7HQVLRPHWHUV 377V DORQJ D
WUDQVHFW SHUSHQGLFXODU WR WKH VWUHDP FKDQQHO 7KH 377V ZHUH
LQVWDOOHGDWDSSUR[LPDWHO\PPDQGPGHSWKVDWHDFK
RI WKH  HTXLSPHQW QHVWV $' $TXLIHU FKDUDFWHULVDWLRQ ZDV
WKURXJKERUHKROHV DORQJ WKH VDPH WUDQVHFW WKDWZHUH VHDOHG WR
VSHFLILF GHSWKV XVLQJ QRYHO WHFKQLTXHV LQ RUGHU WR LVRODWH DQG









GLIIHULQJ GHJUHHV LQGLFDWLQJ GLIIHUHQW ZDWHU EHDULQJ
KRUL]RQVIUDFWXUHV LVRODWHG E\ FRQILQLQJ OD\HUV 7KH SK\VLFDO
FRQILQHPHQW DW WKH VWXG\ VLWH ZDV DOVR UHIOHFWHG LQ WKH
JURXQGZDWHU FKHPLVWU\ 6KDQG DQG+DULD +RZHYHU ERWK
VKDOORZ \RXQJHU DQG GHHS ROGHU JURXQGZDWHUV VKRZ D UDSLG
UHVSRQVH WR UDLQIDOO HYHQWV D K\GURVWDWLF UHVSRQVH WR UDSLG




)LJXUH7LPHVHULHVJURXQGZDWHU OHYHO UHVSRQVHV WR UDLQIDOO
LQ1HVW'
'DWH


































1HVW$ 1HVW% 1HVW& 1HVW'


SRWHQWLDO FRQQHFWLRQV DQG WKHUHIRUH PL[LQJ EHWZHHQ WKH

























SRWHQWLDO DW  GHSWKV LQ UHVSRQVH WR D UDLQIDOO HYHQ LQ
1RYHPEHUDW1HVW'DQG1HVW&

,Q WKLV VWXG\ JURXQGZDWHU GLVFKDUJHV IURP WKH P
DQG  P GHSWK IUDFWXUH V\VWHPV ZHUH GLUHFWO\ LQWR WKH
ULYHUDWWKHVWXG\VLWH)LJVKRZVWKHUHODWLRQVKLSEHWZHHQ
VWUHDPIORZ DQG JURXQGZDWHU OHYHO UHVSRQVHV )RU DOO
ERUHKROHVJURXQGZDWHUOHYHOVUHDFKHGDPD[LPXPSODWHDX
UHJDUGOHVV RI LQFUHDVLQJ VWUHDPIORZ 7KLV GDWD VXJJHVWV
JURXQGZDWHUGLVFKDUJHWRVWUHDPIORZIURPWKHGHHSHUa
P DTXLIHU LQ DGGLWLRQ WR WKH VKDOORZHU JURXQGZDWHU
GLVFKDUJHREVHUYHGDWWKHVLWH%HFDXVHRIWKHH[WUHPHVLQ
FKHPLVWU\ EHWZHHQ WKH GHHS aP DQG VKDOORZ a











IURP WKH ULYHU UHFRUGHG E\ WKH GHHSHVW  FP 377 ZLWK
SRWHQWLDOVEHFRPLQJPRUHQHJDWLYHFORVHUWRWKHVRLOVXUIDFH7KH
XSZDUG JUDGLHQW LQGLFDWHV XSZDUG ZDWHU PRYHPHQW IURP WKH
VKDOORZ JURXQGZDWHU LQ WKH ZHDWKHUHG ]RQH 7KH UHVSRQVH WR
UDLQIDOO LVDOVRGDPSHG LQFRPSDULVRQ WR WKHUHVSRQVHVREVHUYHG
IURP WKH377V DW1HVW&ZKHUH WKHSRWHQWLDO UHVSRQVHV FORVHO\
IROORZ UDLQIDOO SDWWHUQV ,Q DGGLWLRQ WKH VRLO ZDWHU SRWHQWLDO
JUDGLHQW LV YHUWLFDOO\ GRZQZDUG DW 1HVW & )LJ LQGLFDWLQJ
YHUWLFDOZDWHUPRYHPHQW GRZQ WKH SURILOH 7KH UHVXOWV GHVFULEH
JURXQGZDWHU XSZHOOLQJ LQWR WKH VRLOV DW 1HVW ' PRYLQJ GRZQ
VORSH WR 1HVW & REVHUYHG DV VXUIDFH UXQRII GXULQJ UDLQIDOO
SHULRGVPL[LQJZLWKUDLQIDOOGHULYHGVRLOZDWHUDQGWKHQPRYLQJ









7UDGLWLRQDO FRQFHSWV RI XSODQG VWUHDPIORZ JHQHUDWLRQ DUH EHLQJ
TXHVWLRQHGE\ UHVXOWV IURP WKLVSK\VLFRFKHPLFDOSURFHVV VWXG\
*URXQGZDWHUSURFHVVHVWKDWXQWLOUHFHQWO\KDGEHHQWKRXJKWWREH
RI PLQRU VLJQLILFDQFH DUH FRPLQJ WR WKH IRUH ZLWK UHVSHFW WR
XSODQGK\GURORJLFDOPHFKDQLVWLFSURFHVVHVDQGPD\ZHOOSURYHWR
EH WKH GRPLQDQW FRQWUROV LQ VWRUP IORZ UHVSRQVH )XUWKHU
DVVXPSWLRQV RI VRLO ZDWHU EHLQJ RQO\ UDLQIDOO GHULYHGZDWHU DUH
FKDOOHQJHG 7KH UDSLG UHVSRQVHV LQ JURXQGZDWHU OHYHOV DQG
HYLGHQFH IRU VXEVXUIDFH PL[LQJ LQGLFDWH WKDW D FDUHIXO
UHDVVHVVPHQW LV UHTXLUHG RI VWUHDPIORZ JHQHUDWLRQ SURFHVVHV LQ
XSODQGFDWFKPHQWVFODVVHGDVLPSHUPHDEOH7KHUHVXOWVVKRZWKDW





1HDO & &KULVWRSKHUVHQ 1 1HDOH 5 6PLWK &- :KLWHKHDG 3-
5H\QROGV %  &KORULGH LQ SUHFLSLWDWLRQ DQG VWUHDPZDWHU
IRU WKH XSODQG FDWFKPHQW RI ULYHU 6HYHUQ PLG:DOHV VRPH
FRQVHTXHQFHV IRU K\GURFKHPLFDO PRGHOV +\GURORJLFDO
3URFHVVHV
6KDQG3+DULD$6XUIDFHJURXQGZDWHULQWHUDFWLRQVLQDQ
XSODQG IUDFWXUHG DTXLIHU V\VWHP LPSOLFDWLRQV IRU WKH UROH RI
JURXQGZDWHULQVWUHDPIORZJHQHUDWLRQ7KLVYROXPH
6KDQG 3 'DUE\VKLUH '3) *RRGG\ '& 'DUOLQJ:* 1HDO &
+DULD$+'L[RQ$- 7KHDSSOLFDWLRQRI6U LVRWRSHV WR
FDWFKPHQWVWXGLHV7KH3O\QOLPRQXSODQGFDWFKPHQWRI&HQWUDO
:DOHV ,Q&LGX5HG:DWHU5RFN,QWHUDFWLRQ7HQWK ,QW







































LQ JURXQGZDWHU TXDOLW\ KDYH EHHQ GHWHUPLQHG &OLPDWLF FRQGLWLRQV KDYH FRQVLGHUDEO\ LQIOXHQFHG RULJLQ RI JURXQGZDWHU FKHPLFDO
FRPSRVLWLRQGXULQJWKHJHRORJLFKLVWRU\DVZHOO'XHWRFKDQJLQJQDWXUDOFRQGLWLRQVDFRPSOH[DQGG\QDPLFV\VWHPRIJURXQGZDWHU
IORZDQGJURXQGZDWHUTXDOLW\KDVEHHQGHYHORSHGPRVWO\DVDUHVXOWRIJUDYLW\GULYHQIORZ,QVSLWHRIH[WUHPHQHDUVXUILFLDOFKDQJHV














UHJLRQV PRVWO\ XQGHUOLH H[WHQGHG DUHDV RI WKH (DUWK¶V VXUIDFH
XQVWDEOH]RQHVW\SLFDOO\IROORZUHODWLYHO\QDUURZEHOWV
5HJDUGLQJ K\GURJHRORJ\ LQ VWDEOH UHJLRQV DQG EDVHG RQ
GLVWLQFW DSSURDFKHV GLIIHUHQW DXWKRUV GLVWLQJXLVK GLIIHUHQW W\SHV
RI K\GURJHRORJLF HQYLURQPHQW 7ZR RI WKHP K\GURJHRORJLF
PDVVLIV VKLHOGV DQG K\GURJHRORJLF EDVLQV UHSUHVHQW WKH EDVLF









)RUPRUH UHDVRQV DWWHQWLRQ RI K\GURJHRORJLVWV KDVPRVWO\ EHHQ
IRFXVHG RQ K\GURJHRORJLF EDVLQV :LWKLQ K\GURJHRORJLF EDVLQV
DQG LQ DFFRUGDQFH ZLWK JHQHUDO K\GURJHRORJLF FRQFHSWV
H[WHQVLRQ GHSWK DQG UDWH RI JURXQGZDWHU IORZ PRVWO\ WKUHH




DQG UHJLRQDO VORZ RU QHJOLJLEOH GHHS VWDJQDQW JURXQGZDWHU
IORZ 6LPLODUO\ WR WKH YHUWLFDO ]RQLQJ RI JURXQGZDWHU IORZ VR
FDOOHG YHUWLFDO K\GURG\QDPLF ]RQDOLW\ TXLWH UHJXODU YHUWLFDO
FKDQJHV LQ FKHPLFDO FRPSRVLWLRQ RI JURXQGZDWHU KDYH EHHQ
H[SUHVVHG E\ D YHUWLFDO K\GURJHRFKHPLFDO ]RQDOLW\ LQ GHHS
K\GURJHRORJLF EDVLQV ,Q WKH VKDOORZ ]RQH FDOFLXPPDJQHVLXP
DQG ELFDUERQDWHVVXOSKDWHV W\SLFDOO\ SUHYDLO LQ JURXQGZDWHU
H[FHSW IRU DULG FOLPDWLF ]RQHV ZKHUH VRLO DQG JURXQGZDWHU
VDOLQL]DWLRQ RIWHQ RFFXUV7R WKHGHSWK VRGLXPDQGELFDUERQDWH
LQFUHDVH ZKLOH LQ WKH GHHSHVW SDUWV RI K\GURJHRORJLF EDVLQV
VRGLXPFDOFLXPDQGFKORULGHVSUHYDLO7KHVHFKHPLFDOFKDQJHVRI
JURXQGZDWHU DUH DFFRPSDQLHG E\ JHQHUDO GHSWKUHODWHG LQFUHDVH
LQ7'6DQGZDWHUWHPSHUDWXUH
5HFHQWO\ WKH VDPH JHQHUDO K\GURJHRORJLF IHDWXUHV DQG
YHUWLFDO K\GURJHRORJLF ]RQDOLW\ KDYH EHHQ SURYHG DOVR LQ GHHS
VHDWHG ]RQHV RI FU\VWDOOLQH URFNV K\GURJHRORJLF PDVVLIV ,Q
GLIIHUHQW UHJLRQVDOORYHU WKHZRUOGFU\VWDOOLQHURFNVZHUHIRXQG
SHUPHDEOH WR VRPH GHJUHH HYHQ LQ GHSWKV RI PRUH WKRXVDQG
PHWUHVFRQWDLQLQJEULQHVZLWKRXWDQ\H[FHSWLRQHJ,QJHEULWVHQ
6DQIRUG6WREHU%XFKHU6WLOODQ LPSRUWDQWTXHVWLRQ
UHPDLQV ZKDW LV WKH YHUWLFDO GHSWKUHODWHG GHFUHDVH LQ
SHUPHDELOLW\ RI WKHVH URFNV ZLWKLQ WKH GHHSVHDWHG ³PDVVLYH´
]RQH"$QGGRHV VXFK DGHFUHDVHRFFXU DW DOO" ,WPLJKW EHTXLWH
ORJLFDO WKDW GHHS IUDFWXUHG ]RQHV LQ FU\VWDOOLQH URFNV DUH EHWWHU
SHUPHDEOH WKDQGHHSSDUWVRIVHGLPHQWDU\EDVLQVZKHUHGHSRVLWV
DUH VXEMHFWV RI FRPSDFWLRQ DQG FRQVHTXHQW VXEVLGHQFH 7KH
GLIIHUHQFHV EHWZHHQ WKH WZR EDVLF K\GURJHRORJLF HQYLURQPHQWV
DUH SURYHG E\ UHODWLYHO\ IUHTXHQW RLO DQG JDV GHSRVLWV LQ EDVLQV
DQGRFFXUUHQFHVRIWKHUPDOZDWHUVLQFU\VWDOOLQHURFNVWKHIRUPHU
UHTXHVW SUHVHQFH RI WLJKW K\GURJHRORJLF EDUULHUV HQDEOLQJ
K\GURFDUERQV HQWUDSPHQW WKH ODWWHU RQ WKH RWKHU KDQG GHHSO\
UHDFKLQJ DQG ZHOO SHUPHDEOH IUDFWXUHG V\VWHPV HQDEOLQJ UDSLG
DQGFRQFHQWUDWHGXSZDUGIOX[RI WKHUPDOZDWHUV7KLVHYLGHQFHV
WKDWIUDFWXUHVDWOHDVWLQVRPHW\SHVRIFU\VWDOOLQHURFNVPRVWO\RI
JUDQLWLF W\SHV FDQ UHDFK LQ VXFK D ³EULWWOH´ HQYLURQPHQW LQWR
ODUJHGHSWKV)ROORZLQJWKHDERYHPHQWLRQHGFRQVLGHUDWLRQVWZR
LPSRUWDQWFRQFOXVLRQVFDQEHGUDZQ
 3HUPHDEOH GHHS KDUGURFN ]RQHV HQDEOH JURXQGZDWHU IORZ
HYHQ WKRXJKGXH WRJHQHUDOFRQGLWLRQV W\SLFDOO\YHU\VORZ
*HRORJLFWLPHVFDOHVDUHWREHFRQVLGHUHGLHXSWRPLOOLRQV
WHQVDQGLQVRPHFDVHVSHUKDSVKXQGUHGVRIPLOOLRQ\HDUV
 %ULQHV RI GLIIHUHQW FKHPLFDO FKDUDFWHU PRVWO\ RI VRGLXP
FDOFLXPFKORULGH W\SHV RFFXU HYHU\ZKHUH LQ GHHS KDUGURFN
]RQHV VLPLODUO\ DV LQ K\GURJHRORJLF EDVLQV DV SUHYLRXVO\







,IZHDFFHSWGHHSVHDWHGJURXQGZDWHU IORZ WKDWKDGRFFXUUHG LQ
VXFK ORQJ LQWHUYDOVZHKDYH WR DGPLW WKDW VLPLODUSURFHVVHV DQG
RULJLQ RI UHVSHFWLYH JURXQGZDWHU UHDFKHG XQWLO YHU\ UHPRWH
JHRORJLF SHULRGV 'XULQJ WKHVH LQWHUYDOV DQG EHFDXVH RI IRUPHU
PRYHPHQW RI SDUWLFXODU SDUWV RU HYHQ WKH ZKROH FRQWLQHQWV
WKURXJKRXW WKH ORQJ JHRORJLF KLVWRU\ GLIIHUHQW UHJLRQV RI RXU
SUHVHQWGD\ ZRUOG KDG EHHQ H[SRVHG WR YHU\ YDULDEOH FOLPDWLF
FRQGLWLRQV 6FKZDU]EDFK  ,Q WKLVZD\ FOLPDWLF FRQGLWLRQV
FRXOG FRQVLGHUDEO\ LQIOXHQFH RULJLQ RI JURXQGZDWHU FKHPLFDO
FRPSRVLWLRQ GXULQJ WKH JHRORJLF KLVWRU\ DV LW LV FRPPRQ XQGHU
SUHVHQW DULG FRQGLWLRQV ,Q VSLWH RI SUHVHQWGD\ H[WUHPH QHDU
VXUILFLDO FKDQJHV LQ JURXQGZDWHU SURSHUWLHV FDXVHGE\GLIIHUHQW
(DUWK FOLPDWLF ]RQHV TXLWH UHJXODU FKDUDFWHU RI K\GURJHRORJLF




7KLV VLWXDWLRQ ZDV HQDEOHG E\ IRUPDWLRQ RI EULQHV LQ H[WHQGHG
UHJLRQV DQG WKURXJKRXW ORQJ SHULRGV LQ JHRORJLF WLPH VFDOHV
$IWHU WKH RULJLQDO LGHD RI)LODWRY RQJUDYLW\GULYHQ IORZ
SUHVHQFH RI D YHUWLFDO K\GURFKHPLFDO ]RQDOLW\ WRJHWKHU ZLWK
GHSWK UHODWHG LQFUHDVH LQ7'6FDQEHH[SODLQHGDQGDFFHSWHGDV
RI D SODQHWDU\ FKDUDFWHU HJ 0DULQRY HW DO   7RWK

'XULQJ YHU\ ORQJ LQWHUYDOV DQG XQGHU DOO WKH WLPH FKDQJLQJ
QDWXUDOFRQGLWLRQVDFRPSOH[DQGG\QDPLFV\VWHPRIJURXQGZDWHU
IORZDQGJURXQGZDWHUTXDOLW\KDVEHHQGHYHORSHGLQIOXHQFHGE\
GLIIHUHQW JHRG\QDPLF SURFHVVHV ,Q JHRORJLF KLVWRU\ VHYHUDO
SDOHRK\GURJHRORJLF F\FOHV FDQ EH GHILQHG 3DOHRK\GURJHRORJLF
FRQGLWLRQV KRZHYHU KDYH GHYHORSHG GLYHUVHO\ LQ JHRV\QFOLQHV
DQGRWKHU]RQHVRIDFFXPXODWLRQRIWKLFNOD\HUVRIGHSRVLWVDQGLQ










VXUIDFHZDWHU ERGLHV 6:% DQG IURP FRQWLQHQWDO VRLO
VDOLQL]DWLRQ&66
E %HJLQQLQJ RI WKH OHDFKLQJ VWDJH OHDFKLQJ RI SUHYLRXVO\
DFFXPXODWHG EULQHV E\ UHFKDUJLQJ IUHVK ZDWHU LQ HOHYDWHG
DUHDV
DERXWRIVFDOH
F /HDFKLQJ  DQWKURSRJHQLF VWDJHV UHFHQW VLWXDWLRQ






%DVHG RQ UHVXOWV RI UHFHQW GHHS GULOOLQJ V\QRSVLV RI SUHVHQW
UHJLRQDO K\GURJHRORJLF FRQGLWLRQV LQ H[WHQGHG DULG ]RQHV DQG
SDOHRK\GURJHRORJLFDQDO\VLVRISRVVLEOHGHYHORSPHQWRISUHVHQW
GD\ WHPSHUDWH FOLPDWLF ]RQHV GXULQJ WKH JHRORJLF KLVWRU\ WKH
DXWKRU SUHVHQWV D FRQFHSW RI D JOREDO JURXQGZDWHU IORZ
VXPPDULVHGDVIROORZV
D 9HUWLFDO K\GURFKHPLFDO ]RQDOLW\ RFFXUV HYHU\ZKHUH LQ WKH
XSSHU EULWWOH SDUW RI WKH (DUWK¶V FUXVW DQDORJRXVO\ LQ
K\GURJHRORJLFEDVLQVDQGLQK\GURJHRORJLFPDVVLIV
E 'HHSVHDWHGEULQHV DUHPRVWO\RI V\QJHQHWLFRUSRVWJHQHWLF
H[RJHQRXVRULJLQ DV D UHVXOWRI UHSHDWHG OHDNDJHRIKLJKO\
FRQFHQWUDWHGVXUIDFHVDOLQHZDWHUVEULQHVSURGXFWVRIDULG
RU VHPLDULG FOLPDWLF FRQGLWLRQV LQWR GHHSHU (DUWK¶V ]RQHV
GXULQJORQJJHRORJLFSHULRGV$IWHUWKH³DFFXPXODWLRQ´VWDJH
EULQHV KDYH EHHQ SUHVHUYHG XQGHU SODWIRUP GHYHORSPHQW
FRQGLWLRQV RU OHDFKHG E\ UHFKDUJHG ZDWHU DIWHU D WHFWRQLF
JHRPRUSKRORJLFUHMXYHQDWLRQ
F 6XFKDSURFHVVPLJKWVWLPXODWHDJUDYLW\GULYHQJURXQGZDWHU
IORZ KDYLQJ UHDFKHG WR FRQVLGHUDEOH GHSWKV  HYHQ WKRXJK
YHU\ VORZ RQH IURP HOHYDWHG UHJLRQV WRZDUGV WKH
WRSRJUDSKLFDOO\ ORZ DUHDV WKDW XVXDOO\ UHSUHVHQW ]RQHV RI
JURXQGZDWHUGLVFKDUJH7KHSKHQRPHQRQKDVDOVRVXSSRUWHG
HYHU\ZKHUHRFFXUULQJ YHUWLFDO K\GURG\QDPLF DQG
K\GURFKHPLFDO]RQDOLW\
G ,Q DGGLWLRQ WR WKH LQWULFDWH JHQHUDOO\ DFFHSWHG V\VWHP RI
ORFDO LQWHUPHGLDWH DQG UHJLRQDO JURXQGZDWHU IORZ DQG
UHVSHFWLYH]RQHVWKHGHHSHVWDQGWKHPRVWH[WHQVLYHSDUWLV
UHSUHVHQWHG E\ D JOREDO SODQHWDU\ JURXQGZDWHU IORZ WKDW
GLVFKDUJHVLQWRVHDVDQGRFHDQVSODQHWDU\GLVFKDUJH]RQHV
'HHSVHDWHG FU\VWDOOLQH URFNV SOD\ LPSRUWDQW SHUKDSV
GHFLVLYHUROHLQWKLVJOREDOJURXQGZDWHUIORZ
H $VFHQGDQW IOX[RIK\GURWKHUPDO IOXLGV LQXQVWDEOH]RQHVRI
WKH HDUWK¶V FUXVW RZLQJ WR LWV OLPLWHG H[WHQVLRQ FDQ EH
FRQVLGHUHGUDWKHUDQRPDORXVFRPSDUHGZLWKWKHZRUOGZLGH
SDWWHUQRIDJOREDOJURXQGZDWHUIORZ
I $V D PDMRU FRQVHTXHQFH RI WKH JOREDO JURXQGZDWHU IORZ
ODVWLQJIRUJHRORJLFHUDVFKDQJHVLQVHDZDWHUVDOLQLW\FRXOG













)LODWRY .%  *UDYLWDWLRQDO K\SRWKHVLV RI IRUPDWLRQ RI
JURXQGZDWHU FKHPLFDO FRPSRVLWLRQ LQ SODWIRUP GHSUHVVLRQV
,]GDW$16665SS
*DYULOHQNR (6 'HUSJROF 9)  'HHSVHDWHG (DUWK
K\GURVSKHUHLQ5XVVLDQ1DXNRYD'XPND.LHYSS
,JQDWRYLWVK1.7RWKHTXHVWLRQRIRLOGHSRVLWVRULJLQDQG
FRQVHUYDWLRQ LQ 5XVVLDQ 'RNO$NDG1DXN 6665 

,QJHEULWVHQ 6( 6DQIRUG :(  *URXQGZDWHU LQ JHRORJLF
SURFHVVHV&DPEULGJH8QLYHUVLW\3UHVVSS
.DUFHY $$  +\GURJHRORJ\ RI RLO DQG JDV GHSRVLWV LQ
5XVVLDQ1HGUD0RVNYD
.UiVQê-&DUOVEDGPLQHUDOZDWHURULJLQLQFRQWH[WRI3RVW
9DULVFDQ GHYHORSPHQW LQ &HQWUDO (XURSH ,Q 6HLOHU .3
:RKQOLFK 6 HGV 1HZ DSSURDFKHV WR FKDUDFWHULVLQJ




0DULQRY1$HW DO +\GURJHRORJ\RI$IULFD LQ5XVVLDQ
SS
6FKZDU]EDFK 0  .OLPD GHU 9RU]HLW)HUGLQDQG (QNH
9HUODJ6WXWWJDUWSS



















$ E V W U D F W   3UHYLRXVVWXGLHVRIWKH6XELMDQD+\GURJHRORJLFDO8QLW(9(FRQFOXGHGWKHODFNRIDFRQQH[LRQEHWZHHQWZRRI
WKHPRVWLPSRUWDQWVHFWRUVLQWKLVXQLWLHWKH/DQJUDLW]6HFWRUDQGWKH6XELMDQD6HFWRU$FFRUGLQJWR%RQDFFLV0HWKRGDK\GUDXOLF
UHODWLRQVKLSFDQEHGHULYHGZKHQSLH]RPHWULFGDWDLQWKH6XELMDQD6HFWRUDUHFRPSDUHGWRWKHGLVFKDUJHRIWKHPDLQVSULQJLQ/DQJUDLW]
6HFWRU )XUWKHUPRUH D VWXG\ RI FODVVLILHG IORZV LQ WKLVPDLQ VSULQJ XVLQJ0DQJLQV0HWKRG VKRZV WKDW WKHGLVFKDUJHGXULQJ ORZ
ZDWHUVLVLQIOXHQFHGE\WKH6XELMDQD6HFWRU7KLVVWXG\VKRZVWKDWDOWKRXJKQRUHODWLRQVKLSFRXOGEHGHULYHGIRUKLJKZDWHUSHULRGVD






RI UDLQIDOO IUDFWXUHG DQG SDUWO\ NDUVWLILHG 8SSHU &UHWDFHRXV
OLPHVWRQHV RI DERXW P WKLFNQHVV LV GLYLGHG LQ VHFWRUV E\
SUHYLRXVVWXGLHV7KLVSDSHULVFHQWUHGRQWKHWZRPRVWLPSRUWDQW
RI WKHP WKRVH DURXQG WKH YLOODJHV RI 6XELMDQD DQG /DQJUDLW]
ILJ 7KH OLPHVWRQHV KDYH D PRQRFOLQDO GLVSRVLWLRQ GHHSLQJ
WRZDUG WKH VRXWK IURP D ZDWHUWDEOH WR D FRQILQHG DTXLIHU
DOORZLQJUHJLRQDOIORZVLQWKLVGLUHFWLRQ7KH/DQJUDLW]VHFWRULV
PDLQO\GUDLQHGE\DSHUHQQLDORYHUIORZVSULQJDYHUDJHGLVFKDUJH
RI  /V FORVH WR WKH =DGRUUD 5LYHU 7KH GUDLQDJH LQ WKH
6XELMDQD VHFWRU LV FRQWUROOHG LQ KLJKZDWHU SHULRGV E\ WKH%DLD
5LYHUFURVVLQJWKHOLPHVWRQHV,QWKLVSRLQWDQHVWDYHOOHVWUXFWXUH
H[LVWV ZRUNLQJ DV D VSULQJ LQ KLJKZDWHU FRQGLWLRQV DQG DV D
VZDOOHW LQ ORZZDWHUVZKHQ%DLD ULYHU VLQNV LQWR WKH DTXLIHU ,Q
SUHYLRXV VWXGLHV QR HYLGHQW UHODWLRQVKLS EHWZHHQ WKHVH VHFWRUV
ZDVSXWLQHYLGHQFH
7KLVDTXLIHUVFDUFHO\H[SORLWHGLVUHDOO\LQWHUHVWLQJEHFDXVH
LWV VWUDWHJLF ORFDWLRQ QHDU WKH FLW\ RI 9LWRULD*DVWHL] 
LQKDELWDQWV DQG LWV LPSRUWDQWZDWHU UHVRXUFHV HVWLPDWLRQRI
KP\HDUIRUWKHZKROHXQLW$URXQGZHOOVXSWRPGHHS
DUH ORFDWHG LQ WKH WZR VHFWRUV XQGHU FRQVLGHUDWLRQ +LJK
SURGXFWLYLW\DQGPRGHUDWHZDWHU OHYHOIOXFWXDWLRQVDERXWP
DUH UHJLVWHUHG FORVH WR WKH PDLQ VSULQJ /DQJUDLW] +LJK
SURGXFWLYLW\EXWJUHDWZDWHUOHYHOIOXFWXDWLRQVXSWRPFORVH







GLVFKDUJH IURP WKH PDLQ VSULQJ DW /DQJUDLW] 7KH *:/ DQG
GLVFKDUJHGDWDKDYHEHHQWUHDWHGE\GLIIHUHQWDQDO\WLFDOPHWKRGV
$QDQDO\VLVRIWKHSLH]RPHWULFGDWDLQWKH6XELMDQD6HFWRUVKRZV
D FOHDU EUHDN DW  P ZKHUH WKH OHYHO GHFOLQH RI WKH OHYHOV
EHFRPHVPRUHSURQRXQFHG
7KLV LV LQWHUSUHWHG DV WKH VLWXDWLRQ ZKHQ K\GUDXOLF
GLVFRQQHFWLRQRIWKLVVHFWRUDQGWKH%DLD5LYHURFFXUV$IWHUWKLV
PRPHQW WKH ULYHU VLQNV DOO LWV ZDWHU LQWR WKH DTXLIHU 6XFK
K\GUDXOLF GLVFRQQHFWLRQZLWK WKH %DLD 5LYHU DOORZVZDWHU IURP










WKH *:/ LQIOXHQFLQJ WKDW GLVFKDUJH E\ XVLQJ WKH %RQDFFLV
'LVFKDUJH &XUYH0HWKRG  %DVHG RQ WKLV DQDO\VLV ILJ
ZH FDQ GHILQH GLVFKDUJH FXUYHVZKLFK DUH WKH UHVXOW RI WKH IUHH







4 D = 
ZKHUH4LVWKHGLVFKDUJHDDFRQVWDQWDQG=LVWKHJURXQGZDWHU
OHYHO HOHYDWLRQ UHVSHFW WR WKH PDLQ VSULQJ 7KLV FXUYH FDQ EH






)LJXUH  'LVFKDUJH LQ /DQJUDLW] VSULQJ YV *:/ LQ WKH




/DQJUDLW] DQG *:/ 6 XVLQJ0DQJLQV0HWKRG  DV
VKRZQ LQ ILJ 7KH GLVFKDUJH DQDO\VLV VKRZV WKDW WKHUH LV DQ
LQFUHDVLQJRISUREDELOLW\IRUDQLQWHUYDOIURPWR/VWKDW
FRLQFLGHV PDLQO\ ZLWK WKH SUHYLRXVO\ GHILQHG IORZ XQGHU
SUHVVXUH ILJ ,W FRXOG EH LQWHUSUHWHG DV DQ LQWHUYDO ZKHUH
GLVFKDUJH KDV D JUHDWHU SUREDELOLW\ WR EH VXVWDLQHG GXH WR
LQIOXHQFH IURP 6XELMDQD 6HFWRU QR LQIOXHQFH EHIRUH 7KH
DQDO\VLVRIWKHSLH]RPHWULFGDWD6VKRZVWKDWWKHUHLVDORZHU
SUREDELOLW\IRUOHYHOVWRVXVWDLQHGZKHQJURXQGZDWHUGURSVEHORZ
 P EUHDN SRLQW DV LW ZRXOG EH H[SHFWHG LI WKH *:/ LV
UHDOO\LQWUDQVLWLRQWRDQHZGLVFKDUJHOHYHO,QDQ\FDVHZHPXVW
EH FDXWLRXV ZLWK WKLV LQWHUSUHWDWLRQ DV UHODWLRQVKLSV DUH
VXVFHSWLEOH RI EHLQJ LQIOXHQFHG E\ H[WHUQDO SDUDPHWHUV








7KH PDLQ FRQFOXVLRQV RI WKLV VWXG\ DUH DV IROORZV *:/
DQDO\VLVVKRZVDYHU\KRPRJHQRXVUHVSRQVHRIWKHDTXLIHULQWKH
6XELMDQD 6HFWRU )LJ ZKHUH SLH]RPHWHUV VKRZ D YHU\ JRRG
LPDJHRIWKLVEHKDYLRXU2QWKHRWKHUVLGHWKHK\GUDXOLFUHVSRQVH
RI HDFK VHFWRU LV FRQGLWLRQHG E\ WKH ORFDWLRQ RI LWV GLVFKDUJH
SRLQW ,Q WKH6XELMDQD6HFWRU WKH%DLD5LYHU FRQWUROV WKH*:/
IOXFWXDWLRQV XQWLO WKH ULYHU EHFRPHV SHUFKHG RYHU WKH DTXLIHU
7KHQLQORZZDWHUVWKH6XELMDQD6HFWRULQIOXHQFHVWKHGLVFKDUJH
RI WKH /DQJUDLW] 6SULQJ LQ WKH /DQJUDLW] 6HFWRU 7KXV WKLV
SDUWLDOO\ WDSSHG VSULQJ LV K\GUDXOLFDOO\ LQIOXHQFHG E\ ERWK
VHFWRUV7KLVSUHOLPLQDU\UHVXOWLVRIJUHDWLPSRUWDQFHGXHWRWKH





7KH DXWKRUV DFNQRZOHGJH WKH FRRSHUDWLRQ RI WZR LQVWLWXWLRQV
(9( %DVTXH(QHUJ\%RDUG	')$ 5HJLRQDO*RYHUQPHQWRI
$ODYD







'LQDULF.DUVW %HUOLQ+HLGHOEHUJ1HZ<RUN /RQGUHV 3DUtV
7RN\RSS
(9( %DVTXH (QHUJ\ %RDUG  0DSD KLGURJHROyJLFR GHO
3DtV9DVFR(9(SSDWWDFKHG
0DQJLQ$eWXGHGHVGHELWVFODVVpVGH[XWRLUHVNDUVWLTXHV































JURXQGZDWHU DEVWUDFWLRQ LQ WKH 8. ,W LV D ILQHJUDLQHG
FDOFDUHRXV VHGLPHQWDU\ URFN FRPSULVLQJ D SRURXV PDWUL[ ZLWK





RI&KDON WKURXJKZKLFK LWPXVWSDVVDQGDOVR WKHPRYHPHQWRI
ZDWHULQWRVWRUDJHRQILVVXUHVXUIDFHV3ULFHHWDO:HWWLQJ
IURQWV WHQG WR GLVSHUVH RYHU ORQJ GLVWDQFHV DV WKH ZDWHU PRYHV





UDLQIDOOZDWHU WDEOH UHVSRQVH WLPH VHULHV DQG GLVFXVV WKH
LPSOLFDWLRQVIRU&KDONUHFKDUJHPHFKDQLVPV3UHYLRXVVWXGLHVRI
UDLQIDOOZDWHU WDEOH UHVSRQVH GDWD +HDGZRUWK  KDYH
DWWHPSWHG WR UHODWH VSHFLILF ZDWHUWDEOH UHVSRQVH WR LQGLYLGXDO







7KH FXUUHQW VWXG\ IRFXVHVRQ VL[ VLWHV LQ WKH&KDONRI6RXWKHUQ
(QJODQG$ORFDWLRQPDSLVVKRZQLQ)LJ5DLQJDXJHDQGZDWHU
OHYHO GDWD IRU &KLOJURYH 3UHVWRQ &DQGRYHU +RXQGHDQ DQG
%URDGKDOISHQQ\ZHUH DYDLODEOH IRU WKH WZR\HDU SHULRG -DQXDU\
 WR$XJXVW 5HFRUGV IRU2JERXUQHZHUH DYDLODEOH IRU
6HSWHPEHUWR0D\DQGIRU:ROYHUWRQIURP'HFHPEHU
WR$XJXVW'DLO\ZDWHUOHYHOGDWDZHUHREWDLQHGIURP
ERUHKROH ORJJHUV UDLQIDOO GDWD ZHUH WDNHQ IURP WKH QHDUHVW
VWRUDJHRUWLSSLQJEXFNHWUDLQJDXJH7KHGDWDZHUHGLYLGHGLQWR
WKUHHPRQWK SHULRGV 'HFHPEHU)HEUXDU\ 0DUFK0D\ -XQH




OHYHO UHVSRQVH DQG VWDWLVWLFDOO\ VLJQLILFDQW FRUUHODWLRQV UHFRUGHG
XVLQJ HTQ 7KLV DOORZV WKH VWDWLVWLFDO FRUUHODWLRQ EHWZHHQ WZR
VHWV RI GDWD DW GLIIHUHQW WLPH ODJV WR EH HVWDEOLVKHG %HIRUH WKH
GDWDDUHDQDO\VHGDQ\GDLO\WUHQGLQWKHZDWHUOHYHOWLPHVHULHVLV
UHPRYHG E\ GLIIHUHQFLQJ FRQVHFXWLYH YDOXHV 7KH FURVV
FRUUHODWLRQ EHWZHHQ GDLO\ UDLQIDOO DQG FKDQJH LQ JURXQGZDWHU
OHYHOLQGLFDWHVWKHVWUHQJWKRIWKHZDWHUWDEOHUHVSRQVHWRUDLQIDOO





























7KH ILUVW VWDWLVWLFDOO\ VLJQLILFDQW FRUUHODWLRQ DW HDFK VLWH ZDV
SORWWHG DJDLQVW WKH DYHUDJH XQVDWXUDWHG ]RQH WKLFNQHVV IRU HDFK
VHDVRQ )LJV  DQG  7KH WLPHODJ IRU WKH ILUVW VLJQLILFDQW
FRUUHODWLRQ EHWZHHQ UDLQIDOO DQG ZDWHU WDEOH ZDV IRXQG WR YDU\
VHDVRQDOO\DQGEHWZHHQVLWHV:DWHUOHYHOUHVSRQVHWHQGVWRRFFXU
ZLWKLQDIHZGD\VGXULQJZLQWHUUHFKDUJHSHULRGV$W:ROYHUWRQ




W\SH RI UHVSRQVH RFFXUV DIWHU  KUV DV WKH XQVDWXUDWHG ]RQH
LQFUHDVHV LQ WKLFNQHVV WKH WLPH WDNHQ IRU WKH ILUVW ZDWHUOHYHO
UHVSRQVH DOVR LQFUHDVHV 7KH UHODWLRQVKLS EHWZHHQ XQVDWXUDWHG
]RQH WKLFNQHVV DQG WKH WLPH GHOD\ IRU WKH VHFRQG W\SH RIZDWHU
OHYHO UHVSRQVH LV OLQHDU $W :ROYHUWRQ ZKHUH WKH XQVDWXUDWHG
]RQHLVPWKLFNPRVWVHDVRQDOUHVSRQVHVRFFXUZLWKLQKUV
RI UDLQIDOO LQSXW $W :ROYHUWRQ D UHVSRQVH DIWHU  KUV LV
REVHUYHGGXULQJ6XPPHU$XWXPQ$XWXPQDQG6SULQJ




KUV DUH 6SULQJ  6XPPHU  DQG $XWXPQ  7KH UDQJH RI




7KH PDMRULW\ RI FRUUHODWLRQ SRLQWV VXJJHVW DQ H[SRQHQWLDO
UHODWLRQVKLS EHWZHHQ XQVDWXUDWHG ]RQH WKLFNQHVV DQG WLPH ODJ
:DWHU WDEOH UHVSRQVHGRHVRFFXUZLWKLQKUVRI UDLQIDOO LQSXW
KRZHYHU WKHVH FRUUHODWLRQ SRLQWV OLH FORVH WR WKH H[SRQHQWLDO

FXUYH7KHH[SRQHQWLDOFXUYHIRUHDFKVLWH LVXQLTXHQRJHQHUDO
UHODWLRQVKLS EHWZHHQ XQVDWXUDWHG ]RQH WKLFNQHVV DQG WLPH ODJ
H[LVWVIRUWKHHQWLUH&KDON
7KHFURVVFRUUHODWLRQVZKLFKZHUHFDUULHGRXWXVLQJWKHHQWLUH
GDWD VHW IRU HDFK ERUHKROH VKRZHG WKDW LQ JHQHUDO WKH ODUJHVW
SHUFHQWDJHRIFRUUHODWLRQVDUHREVHUYHGLQWKHILUVWPRQWKDIWHUD
UDLQIDOO HYHQW$W:ROYHUWRQ 3UHVWRQ2JERXUQH DQG&KLOJURYH
QRFRUUHODWLRQVDUHREVHUYHGDIWHUWKUHHPRQWKV$WWKUHHRIWKHVH
VLWHV WKH XQVDWXUDWHG ]RQH LV OHVV WKDQ P WKLFN RQ DYHUDJH
GXULQJWKHPRQLWRULQJSHULRG$W+RXQGHDQDQG%URDGKDOISHQQ\
WKHWZRVLWHVZLWKWKHGHHSHVWZDWHUWDEOHFRUUHODWLRQVDUHVHHQXS
WR VHYHQPRQWKV DIWHU D UDLQIDOO HYHQW1R FRUUHODWLRQV RFFXU LQ
DQ\ERUHKROHDIWHUVHYHQPRQWKV
 7KHVH UHVXOWV VXJJHVW WKDW ZDWHUOHYHO UHVSRQVH WR
UHFKDUJH FDQ EH H[WUHPHO\ UDSLG LQ WKH &KDON 7KHPDMRULW\ RI
UHVSRQVHV REVHUYHG KHUH DUH WRR UDSLG WR EH DWWULEXWHG WR IORZ
WKURXJK WKH PDWUL[ DQG PD\ EH GXH WR WKH SURSDJDWLRQ RI D












































































































FDSDFLW\ RI ZHOOV HUUDWLF YDULDWLRQV 	 GLVFRQWLQXLWLHV LQ WKH DTXLIHU SURSHUWLHV DQG WKH GLIILFXOWLHV LQ H[SORUDWLRQ DQG TXDQWLWDWLYH
DVVHVVPHQWRIWKHUHVRXUFH,WVKRXOGKRZHYHUEHUHPHPEHUHGWKDWPLOOLRQVRIVPDOOIDUPHUVLQGHYHORSLQJFRXQWULHVKDYHWKHLUWLQ\
IDUPV LQ WKH WHUUDLQXQGHUODLQE\ IUDFWXUHGDTXLIHUV:KDWHYHU VPDOO VXSSO\DYDLODEOH IURP WKHVHSRRUDTXLIHUV LV WKHRQO\KRSHIRU
WKHVHIDUPHUVIRUXSJUDGLQJWKHLUVWDQGDUGRIOLYLQJE\JURZLQJLUULJDWHGFURSVRUE\SURWHFWLQJWKHLUUDLQIHGFURSVIURPWKHYDJDULHV














7KH PRVW VLJQLILFDQW IHDWXUHV RI WKH KDUG URFN DTXLIHUV DUH DV
IROORZV
$ WRSRJUDSKLFDO EDVLQ RU D VXEEDVLQ JHQHUDOO\ FRLQFLGHV
ZLWKJURXQGZDWHUEDVLQ7KXVWKHIORZRIJURXQGZDWHUDFURVVD
SURPLQHQW VXUIDFH ZDWHU GLYLGH LV YHU\ UDUHO\ REVHUYHG ,Q D
EDVLQWKHJURXQGZDWHUUHVRXUFHVWHQGWRFRQFHQWUDWHWRZDUGVWKH




 7KH DTXLIHU SDUDPHWHUV OLNH VWRUDWLYLW\ 6 DQG
WUDQVPLVVLYLW\ 7 RIWHQ VKRZ HUUDWLF YDULDWLRQV ZLWKLQ VPDOO
GLVWDQFHV7KHDQQXDOIOXFWXDWLRQLQWKHYDOXHRI7LVFRQVLGHUDEOH
GXH WR WKHFKDQJHLQVDWXUDWHG WKLFNQHVVRI WKHDTXLIHUIURPZHW




7KH VDWXUDWHGSRUWLRQRI WKHPDQWOHRIZHDWKHUHG URFNRU
DOOXYLXP RU ODWHULWH RYHUO\LQJ WKH KDUG IUDFWXUHG URFN RIWHQ
PDNHVDVLJQLILFDQWFRQWULEXWLRQWRWKH\LHOGREWDLQHGIURPDGXJ
ZHOORUERUHZHOO
2QO\ DPRGHVW TXDQWLW\ RI JURXQGZDWHU LQ WKH UDQJH RI
RQHFXPXSWRDKXQGUHGFXPRUVRSHUGD\LVDYDLODEOHDWRQH






'XULQJ WKH UDLQ\ VHDVRQ IURP -XQH WR 6HSWHPEHU WKH UHFKDUJH
IURP UDLQIDOO FDXVHV UHFXSHUDWLRQ RI ZDWHU WDEOH IURP LWV











'XULQJ WKH GU\ VHDVRQ GHSOHWLRQ RI WKH DTXLIHU VWRUDJH LQ D
PLQLZDWHUVKHG IURP LWVPD[LPXP YDOXH WRPLQLPXPYDOXH LV
UHSUHVHQWHGE\WKHIROORZLQJHTXDWLRQ














XQGHUIORZ VXSSRUWHG E\ JURXQG ZDWHU KDYH WR EH SURWHFWHG DV
H[SODLQHGHDUOLHUVRWKDWWKHSURMHFWVGHSHQGLQJXSRQWKHVXUIDFH
IORZRIWKHPDLQULYHUDUHQRWDGYHUVHO\DIIHFWHG$Q\LQFUHDVHLQ





WR SHUFRODWH JUDGXDOO\ GXULQJ WKH ILUVW IHZ PRQWKV RI WKH GU\
VHDVRQ6XFKVWRUDJHVDUHSRSXODUO\NQRZQDVSHUFRODWLRQWDQNV
,Q VHPLDULG UHJLRQV DQ LGHDO SHUFRODWLRQ WDQN KROGVPD[LPXP
TXDQWLW\E\HQGRI6HSWHPEHUDQGDOORZVLWWRSHUFRODWHIRUWR
PRQWKV%\)HEUXDU\RU0DUFKWKHWDQNLVGU\VRWKDWWKHZDWHU
ERG\ LV QRW H[SRVHG WR KLJK UDWHV RI HYDSRUDWLRQ LQ VXPPHU
PRQWKV :KDWHYHU TXDQWLW\ SHUFRODWHV EHWZHHQ 2FWREHU DQG









$QRWKHU W\SH RI UHFKDUJH DYDLODEOH GXULQJ WKH GU\ VHDVRQ LV
WKHUHWXUQIORZIURPLUULJDWHGIDUPVRUWKHSHUFRODWLRQEHORZWKH
URRW ]RQH RI FURSV 7KLV UHWXUQ IORZ WR JURXQGZDWHU LV XVXDOO\
HVWLPDWHG DW DERXW  WR RI WKH YROXPH RI JURXQGZDWHU
SXPSHGLQGU\VHDVRQDQGDSSOLHGIRULUULJDWLRQ+RZHYHUGXHWR
LQFUHDVLQJ SRSXODULW\ RI PRUH HIILFLHQW LUULJDWLRQ PHWKRGV OLNH







PDQ\ ZDWHUVKHGV LV LQFUHDVLQJ GXH WR SRSXODWLRQ SUHVVXUH 7KH
RQO\ZD\WRFRPSHQVDWHVXFKLQFUHDVHLVWRHQVXUHPRUHUHFKDUJH
GXULQJWKH0RQVRRQVDVZHOODVGXULQJWKHGU\VHDVRQ:DWHUDQG
VRLO FRQVHUYDWLRQ PHDVXUHV DGRSWHG LQ D ZDWHUVKHG HQVXUH
UHFKDUJHDXJPHQWDWLRQGXULQJWKH0RQVRRQUDLQV
 6PDOO ZDWHU VWRUDJHV RU WDQNV FUHDWHG LQ WKH PLQL
ZDWHUVKHGV E\ EXQGLQJ VWUHDPV DQG JXOOLHV VWRUH UXQRII ZDWHU




 $IWHU D IHZ \HDUV RI RSHUDWLRQ VLOWLQJ RI WKH WDQN EHG



















$ E V W U D F W   ,QPDQ\DUHDVRI,QGLDWKHDVVHVVPHQWRIJURXQGZDWHUEDODQFHDWWKHEDVLQVFDOHLVDYHU\LPSRUWDQWFKDOOHQJHIRUD










6XSSO\LQJ  PLOOLRQ KHFWDUHV RI IDUPODQG JURXQGZDWHU QRZ
LUULJDWHVLQ,QGLDDODUJHUWRWDODUHDWKDQVXUIDFHZDWHUPLOOLRQ
KHFWDUHV 7KLV PHDQV LW VXVWDLQV DOPRVW  RI WKH FRXQWU\
V
LUULJDWHGODQG7KLVFKDQJHLQXVDJHLQ,QGLDKDVEHHQH[WUHPHO\
UDSLG VLQFH WKH V ,Q MXVW WZR GHFDGHV WKH JURXQGZDWHU
LUULJDWHGODQGVLQ,QGLDKDYHLQFUHDVHGE\,QFRQWUDVW WKH
DUHDVRI VXUIDFHZDWHU LUULJDWHG ODQG URVHE\RQO\RYHU WKH
VDPHSHULRG$FRXQWRIPHFKDQL]HGZHOOVDQGWXEH




DUHDV VXFK DV $QGKUD 3UDGHVK ZKHUH VXUIDFH ZDWHU LV QRW
DYDLODEOH 7KHUHIRUH LW LV QHFHVVDU\ WR DGDSW WKH H[SORLWDWLRQ RI
JURXQGZDWHU WR LWV DYDLODELOLW\ )RU WKDW SXUSRVH LW LV
LQGLVSHQVDEOHWRKDYHVXLWDEOHWRROVDEOHWRDVVHVVHLWKHUWKHZDWHU
EXGJHWRIWKHDTXLIHUDQGLWVUHQHZDEOHUHVHUYH
,Q WKLV SDSHU D PHWKRGRORJ\ IRU ZDWHU EXGJHW HYDOXDWLRQ
XVLQJDGDWDEDVHRIERUHZHOOVXQGHUD*HRJUDSKLFDO,QIRUPDWLRQ
6\VWHPLVSUHVHQWHGDQGDSSOLHGWRDVWXG\FDVHLQDJUDQLWLFEDVLQ






&KDQJHV LQ VXEVXUIDFH ZDWHU VWRUDJH FDQ EH DWWULEXWHG WR
UHFKDUJH LUULJDWLRQ UHWXUQ IORZ DQG JURXQGZDWHU IORZ LQWR WKH
EDVLQ PLQXV EDVHIORZ JURXQGZDWHU GLVFKDUJH WR VWUHDPV RU
VSULQJV HYDSRWUDQVSLUDWLRQ IURP JURXQGZDWHU SXPSLQJ DQG
JURXQGZDWHU IORZ RXW RI WKH EDVLQ DGDSWHG IURP 6FKLFKW DQG
:DOWRQ
55)4RQ (73*4RII4EI'6  
ZKHUH5LVJURXQGZDWHUUHFKDUJH5)LVWKHLUULJDWLRQUHWXUQIORZ
4RQ DQG4RII DUHJURXQGZDWHU IORZRQWRDQGRII WKHEDVLQ(7 LV
HYDSRUDWLRQ IURP WKH VDWXUDWHG ]RQH 3* LV WKH DEVWUDFWLRQ RI
JURXQGZDWHUE\SXPSLQJ4EILVEDVHIORZJURXQGZDWHUGLVFKDUJH
WRVWUHDPVRUVSULQJVDQG'6 LVFKDQJH LQJURXQGZDWHUVWRUDJH
'XH WR KLJK ZDWHU WDEOH GHSWK LQ WKH 0DKHVKZDUDP EDVLQ QR
VSULQJ LV SUHVHQW DQG WKHUH LV QRFRQWULEXWLRQRIJURXQGZDWHU WR
VWUHDPVFRQVHTXHQWO\WKHEDVHIORZFDQEHQHJOHFWHGLQDOVR
YHJHWDWLRQ LV QRW DEOH WR FRQVXPH JURXQGZDWHU DQG
HYDSRWUDQVSLUDWLRQ VKRXOG EH UHGHILQHG DV HYDSRUDWLRQ IURP
JURXQGZDWHUWKXVWKHWHUP(7LVUHSODFHGE\(HYDSRUDWLRQ
7KHHTXDWLRQFDQEHZULWWHQ
55)4RQ (3*4RII'6  
7KHPHWKRGRORJ\ XVHG WR GHWHUPLQH WKH FRPSRQHQWV RI WKH
EXGJHWLVWKH:DWHU7DEOH)OXFWXDWLRQV:7)PHWKRGWKDWOLQNV
WKHFKDQJH LQJURXQGZDWHUVWRUDJH'6ZLWKUHVXOWLQJZDWHU WDEOH





HOHFWULFLW\ FRVWV SRVVLELOLW\ WR JHW ZDWHU QHDU WKH FURS HWF $
GDWDEDVH RI WKH ERUHZHOOV SUHVHQW LQ WKH EDVLQ KDV EHHQ
FRQVWLWXWHGEHWZHHQ-XQHDQG6HSWHPEHU([DFWO\
ZHOOVZHUH ORFDWHG XVLQJ SRUWDEOH*36 DQG WKHLU GLVFKDUJH UDWH
PHDVXUHG ,QIRUPDWLRQ DERXW GDLO\ GXUDWLRQ RI SXPSLQJ DQG
DQQXDOQXPEHURISXPSLQJGD\VZDVJDWKHUHGLQRUGHUWRDVVHVV
DQQXDO DEVWUDFWHG YROXPH 7KH GDLO\ GXUDWLRQ RI SXPSLQJ LV
GHSHQGDQWRQSRZHUDYDLODELOLW\$XWRPDWLFZDWHUOHYHOUHFRUGHUV
LQVWDOOHG LQREVHUYDWLRQZHOOVRI WKHEDVLQDOORZXV WRREVHUYH












RI WKH VXPPLW RI WKH IUHVKEDVHPHQW FRQVWLWXWLQJ WKHERWWRPRI
WKH DTXLIHU DORQJ ZLWK WKH JULG RI ZDWHU WDEOH +\GUDXOLF
SRWHQWLDOV ZHUH LPSRVHG RQ WKH IRXU OLPLWV RI WKH PRGHOOHG
GRPDLQ IDU DZD\ IURP WKHEDVLQ)ORZV DUH FRPSXWHGGXULQJ D
IHZ GD\V ZLWK DQ DYHUDJH KRUL]RQWDO SHUPHDELOLW\ . [
PVGHWHUPLQHGE\XSVFDOLQJ IURP VOXJWHVW VFDOH WR[







7KLV FRPSRQHQW LV HYDOXDWHG XVLQJ WKH UHODWLRQ GHYHORSHG E\
&RXGUDLQ HW DO  (YDSRUDWLRQ IOX[ LV H[SUHVVHG DV DQ
LQYHUVH SRZHU IXQFWLRQ RI WKH SLH]RPHWULF GHSWK EHORZ WKH VRLO
VXUIDFH LQGHSHQGHQWO\ RI WKH VRLO FKDUDFWHULVWLFV ,W ZDV
FDOFXODWHG IRUERWKSUH DQGSRVWPRQVRRQSHULRGV'XH WRKLJK
GHSWKRIGHSOHWHGZDWHUWDEOHWKHDYHUDJHYDOXHLVRQO\DERXW





ODUJH SDUW RI WKLV YROXPH UHWXUQV EDFN WR WKH DTXLIHU E\ GLUHFW
LQILOWUDWLRQ LQ WKH LUULJDWHG ODQGV %HFDXVH UHWXUQ FRHIILFLHQW LV





WR EH  $3*:'  )RU RWKHU FURSV WKH SURSRVHG






7KH VWXGLHG K\GURORJLFDO \HDU -XQH  WR 0D\  ZDV
GLYLGHG LQWR WZRSDUWV WKHZHW VHDVRQ IURP -XQH WR1RYHPEHU
 FRUUHVSRQGV WR WKH PRQVRRQ LQIOXHQFH ZLWK UHFKDUJH
UHDFKLQJWKHDTXLIHUZKLOHWKHGU\VHDVRQIURP1RYHPEHU
WR -XQH  VWDUWV DIWHU PRQVRRQ DQG E\ GHILQLWLRQ LV
FKDUDFWHULVHG E\ WKH DEVHQFH RI UHFKDUJH )ROORZLQJ WKLV
GHILQLWLRQ UHFKDUJH FDQEHQHJOHFWHGGXULQJGU\ VHDVRQ DQG WKH
JURXQGZDWHUEXGJHWRIWKHEDVLQFDQEHZULWWHQ
 5)GU\4RQGU\ (GU\3*GU\4RIIGU\'6GU\ 
ZKHUH '6GU\ LV QHJDWLYH $SSO\LQJ :7) PHWKRG WR WKH GU\
EXGJHW WKH SRURVLW\ RI WKLV XQFRQILQHG DTXLIHU LV REWDLQHG
LQWURGXFLQJLQ
 I 5)GU\4RQGU\(GU\3*GU\4RIIGU\'KGU\ 
$OO WKHWHUPVRIZHUHOLVWHGDERYHDQGHVWLPDWHGIRUWKH
IXOO K\GURORJLFDO \HDU &RQVHTXHQWO\ FRQVLGHULQJ WKDW WKH
GXUDWLRQRIGU\VHDVRQLVPRQWKV WKHIORZVIRU WKLVSHULRGDUH
HVWLPDWHG DV D UDWLR  RI WKH WRWDO \HDU 7KH DSSOLFDWLRQ RI
WKLV WHFKQLTXH DOORZV XV WR HVWLPDWH WKH VSHFLILF \LHOG RI WKH
DTXLIHU WDE 7KH REWDLQHG VSHFLILF \LHOG LV UHDOLVWLF IRU VXFK
ILVVXUHG JUDQLWH DQG LV FRQVLVWHQW ZLWK YDOXHV IRXQG XVLQJ
SXPSLQJWHVWV0DUpFKDOHWDORUJOREDOPRGHOOLQJ


















$FFXUDWH UHFKDUJH HVWLPDWH LV GLIILFXOW VSHFLDOO\ LQ VHPLDULG
DUHDVZKHUHVSDWLDODQGWHPSRUDOYDULDELOLW\DUHKLJK7KHFKRVHQ
WHFKQLTXH LV D FRPELQDWLRQ RI :7) DQG JURXQGZDWHU EXGJHW
WHFKQLTXHV &RQWUDU\ WR FODVVLFDO ZDWHU EXGJHW WHFKQLTXHV
JURXQGZDWHU EXGJHW WHFKQLTXH LVQRWGHSHQGDQWRQXQFHUWDLQWLHV
RQ HYDSRWUDQVSLUDWLRQ FRPSRQHQW )XUWKHUPRUH EHFDXVH RI WKH
JRRG TXDOLW\ RI REVHUYDWLRQ QHWZRUN WKH:7) PHWKRG FDQ EH
DSSOLHGDWWKHEDVLQVFDOH7KXVFRPELQLQJIRUZHWVHDVRQDQG
WKHUHFKDUJHLVHVWLPDWHG
5ZHW 'KZHWI5)ZHW4RQZHW(ZHW3*ZHW4RIIZH  
$SSOLFDWLRQ RI WKLV HTXDWLRQ LV LOOXVWUDWHG DW WDE 7KH
HVWLPDWHG UHFKDUJH IORZ LQFOXGHV DOO UHFKDUJH W\SHV 'LUHFW
,QGLUHFWDQG/RFDOL]HG5HFKDUJH

7DEOH  *URXQGZDWHU EXGJHW GXULQJZHW SHULRG IORZ WHUPV
DUHLQPP\U





















      

&RQVLGHULQJ WKH XQFHUWDLQW\ RQ WKH IORZ FRPSRQHQWV WKLV





EDGPRQVRRQ DV IRU H[DPSOH WKHPRQVRRQ RI WKLV \HDU 
ZLOO LQGXFH D VLJQLILFDQWO\ QHJDWLYH EDODQFH IROORZHG E\ D
GHSOHWLRQRIZDWHU WDEOH7KHPDSRIZDWHUEXGJHWILJVKRZV
WKDWQHJDWLYHEDODQFHDUHDVRQO\FRUUHVSRQGWRSXPSLQJDUHDVGXH


























7KH DQQXDO JURXQGZDWHU EXGJHW RI 0DKHVKZDUDP EDVLQ ZDV
FDOFXODWHG IURP-XQH WR -XQH7KHJOREDOEDODQFHRQ
WKH ZKROH EDVLQ LV D OLWWOH ELW QHJDWLYH LQGXFLQJ D GHSOHWLRQ RI
 PHWHUV IRU WKH ZDWHU WDEOH LQ VSLWH RI WKH RFFXUUHQFH RI D
QRUPDOPRQVRRQ7KLVPHDQVWKDWKLJKUDWHRISXPSLQJOHDGVWR
RYHUH[SORLWDWLRQRIJURXQGZDWHUUHVRXUFHDW WKHEDVLQVFDOH7KH






$3*:'  6WXGLHV RQ K\GURORJLF SDUDPHWHUV RI
JURXQGZDWHU UHFKDUJH LQZDWHU EDODQFH FRPSXWDWLRQV $QGKUD
3UDGHVK *RYHUQPHQW RI $QGKUD 3UDGHVK *URXQG :DWHU
'HSDUWPHQW+\GHUDEDG5HVHDUFKVHULHVQR
&*:%'HWDLOHGJXLGHOLQHV IRU LPSOHPHQWLQJ WKHJURXQG








:HDWKHULQJ 3URILOHV VXEPLWWHG WR -RXUQDO RI WKH *HRORJLFDO
6RFLHW\RI,QGLD
































7KH XQFHUWDLQWLHV LQYROYHG LQ HVWLPDWLQJ JURXQGZDWHU UHFKDUJH
DQG WKH QHHG IRU D EHWWHU XQGHUVWDQGLQJ RI UHFKDUJH SURFHVVHV
ZHUHKLJKOLJKWHG LQ WKH WKHPDWLF LVVXHRI+\GURJHRORJ\-RXUQDO
RQ JURXQGZDWHU UHFKDUJH SXEOLVKHG LQ  GH 9ULHV DQG
6LPPHUV6FDQORQHWDO
,Q,UHODQGWKHPDMRULW\RIUHFKDUJHHVWLPDWHVKDYHEHHQEDVHG
RQ VRLO PRLVWXUH EXGJHWV DQG ULYHU EDVHIORZ DQDO\VLV 0LVVWHDU
8QWLOUHFHQWO\LWZDVQRWFRQVLGHUHGHVSHFLDOO\LPSRUWDQW
WR KDYH DFFXUDWH HVWLPDWHV RI UHFKDUJH VLQFH JURXQGZDWHU
DEVWUDFWLRQVIRUZDWHUVXSSOLHVLQ,UHODQGUHSUHVHQWHGRQO\DWLQ\
IUDFWLRQ RI WKH DYDLODEOH UHVRXUFH 1RZ KRZHYHU RZLQJ WR
JURZLQJ DZDUHQHVV RI WKH LPSRUWDQFH RI JURXQGZDWHU
FRQWULEXWLRQV WR WKH HQYLURQPHQW DQG PRUH VSHFLILFDOO\ WR WKH
LQWURGXFWLRQ RI WKH (XURSHDQ :DWHU )UDPHZRUN 'LUHFWLYH
(XURSHDQ &RPPLVVLRQ  WKH DYDLODELOLW\ RI UHOLDEOH
UHFKDUJH HVWLPDWHV LV UHFRJQLVHG DV HVVHQWLDO WR WKH SURSHU
PDQDJHPHQWRIWKHFRXQWU\¶VZDWHUUHVRXUFHV)UDFWXUHGDTXLIHUV












ZDWHU UHDFKLQJ WKH ZDWHU WDEOH IRUPLQJ DQ DGGLWLRQ WR WKH
JURXQGZDWHU UHVHUYRLU¶ /HUQHU HW DO  6RPH PHWKRGV RI
UHFKDUJHHVWLPDWLRQLQFOXGLQJVRLOPRLVWXUHEXGJHWVDVVXPHWKDW
DOO ZDWHU PRYLQJ EHORZ WKH VRLO ]RQH HYHQWXDOO\ FRQWULEXWHV WR
UHFKDUJH+RZHYHUWKLVDVVXPSWLRQPD\QRWEHYDOLGLIWKHUHDUH
ODWHUDO IORZV LQ SHUPHDEOH VXEVRLOV RU ZLWKLQ IUDFWXUHG EHGURFN
DERYHWKHZDWHUWDEOH
7KHUH DUH WZR PDLQ W\SHV RI UHFKDUJH GLUHFW YHUWLFDO
LQILOWUDWLRQ RI SUHFLSLWDWLRQ ZKHUH LW IDOOV RQ WKH JURXQG DQG
LQGLUHFW LQILOWUDWLRQIROORZLQJUXQRII ,W LVJHQHUDOO\UHFRJQLVHG
WKDWLQWHPSHUDWHFOLPDWHVPRVWUHFKDUJHLVGLUHFWZKHUHDVLQDULG
UHJLRQV PRVW UHFKDUJH RFFXUV IURP VXUIDFH UXQRII 6LPPHUV
+RZHYHU WKHUH DUH VRPH VLWXDWLRQV LQ WHPSHUDWH UHJLRQV





6RLO PRLVWXUH EXGJHWV LQYROYH WKH VLPXODWLRQ RI VRLO PRLVWXUH
VXUSOXVHV DQG GHILFLWV IURP SUHFLSLWDWLRQ DQG SRWHQWLDO
HYDSRWUDQVSLUDWLRQ3(GDWD7KHGDWDDUHGLYLGHGLQWRDVHULHVRI
WLPHVWHSV)RUHDFKWLPHVWHSWKHSUHFLSLWDWLRQLQSXWLVDOORFDWHG
WR GHPDQGV IURP HYDSRWUDQVSLUDWLRQ DQG VRLO PRLVWXUH VWRUDJH
7KHDFWXDOHYDSRWUDQVSLUDWLRQ$(IRUHDFKWLPHVWHSLVDVVXPHG
WR HTXDO 3( XQOHVV WKH VRLOPRLVWXUH OHYHOV DUH EHORZ D FULWLFDO
µURRWFRQVWDQW¶ WKUHVKROG$WVWRUDJH OHYHOVEHORZWKLV WKUHVKROG
WKHDELOLW\RISODQWVWRWUDQVSLUHLVDVVXPHGWRGLPLQLVKDQG$(LV
DVVLJQHG D YDOXH OHVV WKDQ 3( ,I D VRLOPRLVWXUH VXUSOXV H[LVWV
DIWHUWKHYDULRXVGHPDQGVKDYHEHHQPHWWKHVXUSOXVLVDVVXPHG
WR FRPSULVH JURXQGZDWHU UHFKDUJH DQGRU VXUIDFH ZDWHU UXQRII
7KHVRLOPRLVWXUHVXUSOXVLVDOVRWHUPHGµSRWHQWLDOUHFKDUJH¶




URRW FRQVWDQW DQG WKH VRLO PRLVWXUH EXGJHWLQJ WLPHVWHS 8VLQJ
RQH VHW RI PHWHRURORJLFDO GDWD IURP ,UHODQG WKH DXWKRUV IRXQG
WKDW WKH DYHUDJH DQQXDO SRWHQWLDO UHFKDUJH YDULHG IURP WKH
HVWLPDWH IRU SDVWXUH E\ ± WR  DFURVV D UDQJH RI
VLPXODWHGYHJHWDWLRQW\SHVLHDFURVVDUDQJHRIURRWFRQVWDQWV
'HFUHDVLQJWKHWLPHVWHSIURPPRQWKO\WRGDLO\LQWHUYDOVKDGWKH
HIIHFW RI LQFUHDVLQJ WKH SRWHQWLDO UHFKDUJH E\ XS WR  IRU




KDYH EHHQ SURSRVHG IRU WKH 8. E\ +XOPH HW DO 
+RZHYHU XVLQJ D VHW RI PHWHRURORJLFDO GDWD IURP ,UHODQG
HVWLPDWHVRISRWHQWLDOUHFKDUJHIRUSDVWXUHZHUHRQO\OHVVWKDQ
WKRVHGHULYHGXVLQJWKHRULJLQDO3HQPDQ*ULQGOH\PHWKRG7KLVLV
WR EH H[SHFWHG JLYHQ WKDW WKH HQKDQFHPHQWV DUHPRUH OLNHO\ WR
LQIOXHQFH SRWHQWLDO UHFKDUJH HVWLPDWHV LQ DUHDV ZKHUH VXPPHUV







RU SRWHQWLDO UHFKDUJH ,Q DUHDVZKHUH WKH LPSRUWDQW DTXLIHUV DUH
RYHUODLQE\ WLOO LW LVQHFHVVDU\WRVSOLW WKLVPRLVWXUHVXUSOXVLQWR
µDFWXDO¶ UHFKDUJH DQG UXQRII RU RWKHU ORVVHV VXFK DV LQWHUIORZ


:ULJKW HW DO  SURSRVHG D VHULHV RI LQILOWUDWLRQ
FRHIILFLHQWV WKDW FDQ EH DSSOLHG WR WKH SRWHQWLDO UHFKDUJH WR
FDOFXODWH DFWXDO UHFKDUJH LQ ,ULVK FRQGLWLRQV  IRU SRRUO\
SHUPHDEOHFOD\H\WLOOIRUPRGHUDWHO\SHUPHDEOHVDQG\WLOODQG
IRUSHUPHDEOHVDQGDQGJUDYHORUWKLQVXEVRLO'DO\








WR H[DPLQH WKH LQWHUSOD\ RI YHUWLFDO SHUPHDELOLW\ WKLFNQHVV DQG
K\GUDXOLF JUDGLHQW LQ D WLOO XQLW$ UHIHUHQFH VHW RI JURXQGZDWHU
OHYHO GDWD ZDV VHOHFWHG IRU D ERUHKROH LQ D GRORPLWH DTXLIHU LQ
VRXWKFHQWUDO,UHODQG$WWKHERUHKROHWKHDTXLIHULVFRQILQHGE\
PRIWLOO+HDGVLQWKLVGDWDVHWIOXFWXDWHE\PDQQXDOO\7KH
UHIHUHQFH GDWD VHW ZDV XVHG WR PRGHO D UDQJH RI K\SRWKHWLFDO
UHFKDUJH VFHQDULRV WKURXJK WKH WLOO XQLW RYHUO\LQJ WKH DTXLIHU$
UDQJH RI WLOO WKLFNQHVVHV DQG SHUPHDELOLWLHV ZDV H[DPLQHG 7KH




PRGHOOLQJ WKH UHVXOWV SURYLGH DQ LQWHUHVWLQJ SLFWXUH RI WKH
LQIOXHQFH RI WLOO SHUPHDELOLW\ VDWXUDWHG WKLFNQHVV DQG YHUWLFDO
K\GUDXOLFJUDGLHQWRQUHFKDUJH,QFUHDVLQJWLOOSHUPHDELOLW\DFURVV
WKHW\SLFDOUDQJHIRXQGLQ,UHODQGKDGWKHHIIHFWRILQFUHDVLQJWKH
SUHGLFWHG LQILOWUDWLRQ IDFWRU E\ HLJKW WR ILIWHHQ IROG 'HFUHDVLQJ
WKH WLOO WKLFNQHVV DFURVV D W\SLFDO UDQJH LQFUHDVHG WKH SUHGLFWHG
LQILOWUDWLRQIDFWRUE\ WZRWR WKUHHIROG)RUD WLOORISHUPHDELOLW\
 PG LQFUHDVLQJ WKH DQQXDO UDQJH LQ YHUWLFDO K\GUDXOLF
JUDGLHQWDOVRLQFUHDVHGWKHSUHGLFWHGLQILOWUDWLRQIDFWRUE\WZRWR
WKUHH IROG )RU D VLPLODU VHW RI ERXQGDU\ DQG WLOO FRQGLWLRQV D
UHGXFWLRQLQLQILOWUDWLRQIDFWRUZLWKDUHGXFWLRQLQJUDGLHQWPLJKW
VLJQLI\ IRU H[DPSOH WKH UHGXFHG DELOLW\ RI D SRRU DTXLIHU WR
DFFHSWUHFKDUJHDVFRPSDUHGWRDSURGXFWLYHDTXLIHU
7KHUHVXOWVRIWKLVVLPSOHPRGHOOLQJH[HUFLVHVXJJHVWWKDWWKH
DFWXDO UHFKDUJH RFFXUULQJ WR DTXLIHUV FRYHUHG E\ WKLFN ORZ
SHUPHDELOLW\ WLOOV PD\ EH  WR  OHVV WKDQ WKH SRWHQWLDO
UHFKDUJHVLPXODWLRQIRUSDVWXUH,WLVZRUWKSRLQWLQJRXWKRZHYHU
WKDW DW D FDWFKPHQW VFDOH WKH WRWDO DPRXQWRI UHFKDUJH IURP WLOO
DUHDV ZLOO RIWHQ EH KLJKHU WKDQ WKDW DPRXQW LQILOWUDWLQJ GLUHFWO\
WKURXJKWKHWLOO7KLVLVEHFDXVHLQGLUHFWUHFKDUJHZLOORFFXURQFH
UXQRIIJHQHUDWHGRYHUWKHWLOOIORZVRQWRPRUHSHUPHDEOHVWUDWD
7KLVPD\KHOS WR H[SODLQZK\H[LVWLQJZDWHU EDODQFH VWXGLHV LQ
,UHODQG KDYH JHQHUDOO\ QRW SUHGLFWHG LQILOWUDWLRQ IDFWRUV RI OHVV
WKDQHYHQLQDUHDVRIORZSHUPHDELOLW\WLOOV2QHH[DPSOHRI
WKLVHIIHFW LQ,UHODQGRFFXUVDWDVLWH LQ&RXQW\.LONHQQ\ZKHUH








([LVWLQJ ZDWHU EDODQFH VWXGLHV FRXSOHG ZLWK WKH VLPSOH
VHQVLWLYLW\ DQDO\VHV GRFXPHQWHG LQ WKLV SDSHU SURYLGH HYLGHQFH
WKDW WKHSHUPHDELOLW\RI WKH WLOODORQJZLWK LWV WKLFNQHVVDQG WKH
YHUWLFDO JUDGLHQWV ZLWK WKH EHGURFN KDYH D YHU\ VLJQLILFDQW













$VO\QJ +&  (YDSRUDWLRQ HYDSRWUDQVSLUDWLRQ DQG ZDWHU




GH 9ULHV -- 6LPPHUV ,  *URXQGZDWHU UHFKDUJH DQ
RYHUYLHZRISURFHVVHVDQGFKDOOHQJHV+\GURJHRORJ\-
(XURSHDQ &RPPLVVLRQ  'LUHFWLYH (& RI WKH





PRLVWXUH GHILFLWV RYHU VSHFLILHG FDWFKPHQW DUHDV
0HWHRURORJLFDO2IILFH%UDFNQHOO+\GURORJLFDO0HPRLUSS
+XOPH 35XVKWRQ. )OHWFKHU 6  (VWLPDWLQJ UHFKDUJH LQ
8. FDWFKPHQWV ,Q ,PSDFW RI +XPDQ $FWLYLWLHV RQ
*URXQGZDWHU '\QDPLFV 3URF 2I 6L[WK ,$+6 6FLHQWLILF
$VVHPEO\$,+63XEO
/HUQHU'1,VVDU$66LPPHUV,*URXQGZDWHUUHFKDUJH$
JXLGH WR XQGHUVWDQGLQJ DQG HVWLPDWLQJ QDWXUDO UHFKDUJH
,QWHUQDWLRQDO &RQWULEXWLRQV WR +\GURJHRORJ\  +HLVH
*HUPDQ\SS
0DF&DUWKDLJK0 6XPPDU\GHWDLOVRIZDWHUEDODQFHV LQ
*O\GH'HH )LQQ DQG%ODFNZDWHU 0RQDJKDQ FDWFKPHQWV IRU
WKH SHULRG'HFHPEHU  ±1RYHPEHU  (QYLURQPHQWDO
3URWHFWLRQ$JHQF\'XEOLQ
0LVVWHDU %'5  *URXQGZDWHU UHFKDUJH DVVHVVPHQW D NH\
FRPSRQHQW RI ULYHU EDVLQ PDQDJHPHQW ,Q 3URF 1DWLRQDO
+\GURORJ\ 6HPLQDU RQ 5LYHU %DVLQ 0DQDJHPHQW ,ULVK




WHFKQLTXHV IRU TXDQWLI\LQJ JURXQGZDWHU UHFKDUJH
+\GURJHRORJ\-
6LPPHUV , HG 5HFKDUJHRISKUHDWLF DTXLIHUV LQ VHPL
DULG DUHDV ,QWHUQDWLRQDO $VVRFLDWLRQ RI +\GURJHRORJLVWV 
%DONHPD5RWWHUGDPSS
:ULJKW*5$OGZHOO&5'DO\''DO\(3*URXQGZDWHU

























'HVSLWH DQ DEXQGDQFH RI VXUIDFHZDWHU LQ8JDQGD  RI WKH
ODQG DUHD WKH SUHGRPLQDQWO\ UXUDO ! SRSXODWLRQ UHOLHV
DOPRVW H[FOXVLYHO\ RQ JURXQGZDWHU IRU D SRWDEOH ZDWHU VXSSO\
7KLV GHSHQGHQFH DULVHV IURP WKHPRUHZLGH VSUHDG RFFXUUHQFH
VXSHULRU TXDOLW\ DQG UHGXFHG VXVFHSWLELOLW\ WR FRQWDPLQDWLRQ RI
JURXQGZDWHUVXSSOLHVFRPSDUHGWRVXUIDFHZDWHUVXSSOLHV
$V D UHVXOW SURYLVLRQ RI VDIHZDWHU WR UXUDO FRPPXQLWLHV LQ








7KH RYHUDOO SROLF\ REMHFWLYH RI WKH 8JDQGD JRYHUQPHQW LV ³WR
PDQDJH DQG GHYHORS WKH ZDWHU UHVRXUFHV RI 8JDQGD LQ DQ
LQWHJUDWHG DQG VXVWDLQDEOH PDQQHU VR DV WR VHFXUH DQG SURYLGH
ZDWHURIDGHTXDWHTXDQWLW\DQGTXDOLW\IRUDOOVRFLDODQGHFRQRPLF




5HFHQW UHVHDUFK LQJURXQGZDWHU UHVRXUFHV LQ/XZHUR'LVWULFWRI
FHQWUDO8JDQGDLQGLFDWHVWKDWPRVWJURXQGZDWHUPRYHE\ZD\RI
VKDOORZ ZHDWKHUHG VRLOV UHJROLWK UDWKHU WKDQ XQGHUOD\LQJ
EHGURFNIUDFWXUHVZKLFKKDYHWUDGLWLRQDOO\EHHQGHYHORSHG
,QGHHG WKH %DJDQGD SHRSOH KDYH ORQJ UHOLHG XSRQ WKLV




\LHOGV LQ WKH UHJROLWK IRU GRPHVWLF KDQG SXPS DEVWUDFWLRQ UDWHV
 PGD\ +RZHYHU LQFLGHQWDOV RI ZHOO IDLOXUH DQG ZDQLQJ
VSULQJ IORZ KDYH EHHQ DWWULEXWHG WR SUHVXPHG IOXFWXDWLRQV LQ
VKDOORZ ZHOO ZDWHU WDEOH DQG UDLVHG FRQFHUQV RYHU WKH
VXVWDLQDELOLW\ RI JURXQGZDWHU GHYHORSPHQW SURJUDPPHUV LQ WKH
UHJLRQ1HYHUWKHOHVVVWXGLHVRIJURXQGZDWHUUHFKDUJHLQ/XZHUR
KDYH VKRZ WKDW UHSOHQLVKPHQW LV LQ WKH RUGHU RI P\HDU DQG
RFFXUV H[FOXVLYHO\ IURP LQWHQVH !PPGD\ UDLQIDOO GXULQJ
PRQVRRQV
0RQLWRULQJRIZDWHUOHYHOVLQWKHXQFRQILQHGUHJROLWKDTXLIHU
ZDV WKHUHIRUH LQLWLDWHG LQ -XQH LQRUGHU WR LQYHVWLJDWHERWK














&OHDUO\ WKHZHOO K\GURJUDSKV GHPRQVWUDWH WKH GHOD\HG UHVSRQVH
IRUWKHUHJROLWKDTXLIHUWRWKHRQVHWRIWKHUDLQ\VHDVRQDQGKHQFH
PRQVRRQIHGUHFKDUJH
7KHVHSUHOLPLQDU\GDWD DOVR DSSHDU WR VXSSRUWE\DQG ODUJH
WKHPDJQLWXGHRIUHFKDUJHSUHGLFWHGE\WKHVRLOPRLVWXUHEDODQFH




PD\ DFFRXQW IRU WKH YDULDELOLW\ LQ GHSUHVVLRQ VSULQJGLVFKDUJHV
ZKLFKGUDLQWKHFUHVWRIWKHZDWHUDQGVKRXOGEHFRQVLGHUHGZKHQ
SRVLWLRQLQJ VFUHHQ DQG JUDYHO SDFNV GXULQJ WKH VKDOORZ ZHOO
FRQVWUXFWLRQ
%RWK DVVHUWLRQVDUHKRZHYHU WHQWDWLYHEDVHGRQYHU\ OLPLWHG
WLPHIUDPHRYHUZKLFKWKHGDWDKDYHEHHQFROOHFWHG,WLVFULWLFDO









DQG ZKHUH VXEVWDQWLDO WKLFNQHVV H[LVWV LW LV OLNHO\ WR SURYLGH D
VLJQLILFDQWEHWWHUDTXLIHU
,Q 8JDQGD ZKHUH WKH SUDFWLFH KDV XQWLO UHFHQWO\ EHHQ
GHYHORSPHQW RI RQO\ WKH EHGURFN DTXLIHU WKH DERYH ILQGLQJV
VWUHVV WKHQHHG WRGHYHORS WKHUHJROLWKDTXLIHUZKLFKLV OLNHO\WR
SURYLGHPRUH VXVWDLQDEOHDQG OHVVFRVWO\ VRXUFHV IRU UXUDOZDWHU
VXSSOLHV WKDQ WKH EHGURFN IUDFWXUHV 7KLV ZRXOG EH SRVVLEOH
WKURXJK FRQVWUXFWLRQRI VKDOORZZHOOV DXJHUHGRUGXJ LQ DUHDV
ZKHUHWKHUHJROLWKDTXLIHUDUHVRWKLFNWRSURYLGHHQRXJKZDWHU
GHHS ZHOOV H[SORLWLQJ WKH EHGURFN DTXLIHU DQG VFUHHQHG LQ WKH
UHJROLWKZRXOGEHPRUHVXVWDLQDEOH
$OO LQ DOO WKH UHJROLWK LV YHU\ LPSRUWDQW LQQ JURXQGZDWHU
GHYHORSPHQWDV LW LVDEOH WR UDLVHDFKHDSDQGPRUHVXVWDLQDEOH
VRXUFH RI ZDWHU VXSSO\ DQG FDQ UHFKDUJH WKH ZHDNHU EHGURFN
DTXLIHUWKURXJKYHUWLFDOOHDNDJH
,WFDQDOVREHFRQFOXGHGWKDWWKHVRLOPRLVWXUHEDODQFHPHWKRG
RI HYDOXDWLQJ UHFKDUJH DQG KHQFH VXVWDLQDELOLW\ RI JURXQGZDWHU

























$ E V W U D F W   *URXQGZDWHU UHVRXUFHV GHYHORSPHQW KDV EHHQ D FKDOOHQJH IRU WKH :HVWHUQ *KDWV UHJLRQ RI WKH ,QGLDQ 3HQLQVXOD
FKDUDFWHUL]HG SUHGRPLQDQWO\ E\ WKH EDVDOWLF ODYH IORZV 7KLV SDSHU GLVFXVVHV IHZ GHYHORSPHQW RSWLRQV UHOHYDQW WR WKH SUHYDLOLQJ
K\GURJHRORJLFDO VLWXDWLRQV2Q WKHEDVLVRIDQDQDO\VLVRI WKH IUDFWXUHDQG OLQHDPHQWSDWWHUQVDQGJHRPRUSKLF IHDWXUHV VXJJHVWLRQV
KDYH EHHQ JLYHQ IRU SURSHU VLWLQJ RI WKH GXJZHOOV DQG ERUHZHOOV$UWLILFLDO UHFKDUJHPHDVXUHV KDYH EHHQ VXJJHVWHG IRU WKHZDWHU








SURYLQFHV RI WKH ,QGLDQ VXEFRQWLQHQW UXQQLQJ IRU D GLVWDQFH RI
 NP SDUDOOHO WR WKH ,QGLDQ :HVW &RDVW ZLWK DQ DYHUDJH
HOHYDWLRQRIPDERYHPHDQVHD OHYHO7KHVHKLOOVDUH
EHVWRZHG ZLWK KHDY\ SUHFLSLWDWLRQ  PP\U EXW WKH
KHDGZDWHUEDVLQVFRDOHVFLQJWKHVHKLOOVUHWDLQYHU\VPDOOTXDQWLW\
RIJURXQGZDWHUGXHWRSRRUVXUIDFHVORSHFRQGLWLRQV7KHQDUURZ
YDOOH\V LQ WKHVH KLOOV RIIHU DPSOH VFRSH IRU VXUIDFH ZDWHU
GHYHORSPHQW DQG VHYHUDO PHGLXP WR PDMRU LUULJDWLRQ SURMHFWV
KDYH DOUHDG\ EHHQ FRQVWUXFWHG LQ WKHVH DUHDV ZLWK ZHOOGHILQHG
FDQDO QHWZRUN 7KHVH GHYHORSPHQWV KDYH WUXO\ ERRVWHG
DJULFXOWXUDOSURGXFWLYLW\LQWKHUHJLRQEXWDWWKHVDPHWLPHWKH\
KDYH DOVREURXJKW DQ HFRQRPLFGLVSDULW\EHWZHHQ WKHFRPPDQG
DUHDV LUULJDWHGE\ WKHVHFDQDOVDQGQRQFRPPDQGDUHDV:DWHU
ORJJLQJ SUREOHPV DUH DOVR LQFUHDVLQJO\ VHHQ LQ ORZO\LQJ DUHDV
:KLOH WKHVH SUREOHPV DUH PDLQO\ GXH WR SRRU JURXQGZDWHU
PDQDJHPHQWVWUDWHJLHV LQ WKHUHJLRQ LW LV UHFRPPHQGHGWKDW WKH
JURXQGZDWHU UHVRXUFHV LQ WKHVH KHDGZDWHU EDVLQV EH SURSHUO\
DVVHVVHG DQG VXLWDEOH PHDVXUHV EH WDNHQ IRU D XQLIRUP
JURXQGZDWHUGHYHORSPHQW$VDILUVWVWHSLQWKLVGLUHFWLRQVHYHUDO
PHDVXUHV KDYH EHHQ VXJJHVWHG ZLWKLQ WKH IUDPHZRUN RI WKH
1DWLRQDO :DWHU 3ROLF\ DV D FDVH VWXG\ IRU WKH JURXQGZDWHU
UHVRXUFHV GHYHORSPHQW LQ WKH .R\QD 5LYHU EDVLQ D KHDGZDWHU
EDVLQ RQ WKH HDVW RI WKHPDLQ ULGJH RI WKH:HVWHUQ*KDWV 7KLV
ULYHU EDVLQ JHQHUDOO\ WUHQGV QRUWKVRXWK DQG FRYHUV DQ DUHD RI
 NP LQ WKH 'HFFDQ WHUUDLQ RI WKH GLVWULFW RI 6DWDUD










ODYD IORZV FRQVLVW RI IRXU ZDWHUEHDULQJ KRUL]RQV  EODFN
FRWWRQ VRLO ZLWK \HOORZ RU UHGGLVK FOD\  P KLJKO\
ZHDWKHUHG DQG KLJKO\ MRLQWHG EDVDOW  P  SRRUO\
ZHDWKHUHG DQG KLJKO\ MRLQWHG EDVDOW  P DQG  SRRUO\
ZHDWKHUHGDQGSRRUO\ MRLQWHGEDVDOW PZKLFKRYHUOLHV WKH
KDUG PDVVLYH EDVDOW 7KH VHFRQG KRUL]RQ FRQVLVWV RI ERWK
ZHDWKHUHGYHVLFXODUDQGQRQYHVLFXODUPDVVLYHEDVDOWLQZKLFK
WKH MRLQWV LQ WKH XSSHU SRUWLRQV DUH FRPSOHWHO\ ILOOHGZLWK FOD\
*UDGXDOO\WKHFOD\FRQWHQWGHFUHDVHVGRZQZDUGDQGWKHMRLQWVDUH
PRUHRSHQEHFDXVHRIGHFUHDVLQJHIIHFWRIFRPSOHWHZHDWKHULQJ
7KH ORZHU SDUW RI KRUL]RQ  DQG WKH FRPSOHWH WKLFNQHVV RI
KRUL]RQKDYHWKHKLJKHVWSHUPHDELOLW\:LWKJUHDWHUGHSWK WKH
MRLQWV DUH FORVHG KRUL]RQ DQG WKHXQGHUO\LQJPDVVLYHEDVDOW
\LHOGV OLWWOH JURXQGZDWHU 'HHSHU JURXQG ZDWHU RFFXUV DW WKH
EDVDOWLF IORZ FRQWDFWV ZLWKLQ WKH YHVLFXODU EDVDOWV DQG LQ WKH
IUDFWXUHG DQG MRLQWHG VHFWLRQV LQ D EDVDOWLF IORZ *URXQGZDWHU
RFFXUV XQGHU SKUHDWLF FRQGLWLRQ LQ VKDOORZ DTXLIHUV  P
ZKLOH LQGHHSHUDTXLIHUV!P LWRFFXUVXQGHUVHPLFRQILQHG
WRFRQILQHGFRQGLWLRQV7UDQVIHURIJURXQGZDWHUGRHV WDNHSODFH
EHWZHHQ WKH VKDOORZ DQG GHHSHU DTXLIHUV DQG
IUDFWXUHVOLQHDPHQWV DFW DV FRQGXLWV IRU VXFK JURXQGZDWHU
PRYHPHQWV
7KHEXONRI WKHSRSXODWLRQ LQ WKH.R\QD5LYHUEDVLQ OLYH LQ
GLVFUHHW YLOODJHV DQG DJULFXOWXUH LV WKH PDLQ RFFXSDWLRQ LQ WKH
DUHD /DUJHGLDPHWHU GXJZHOOV WDSSLQJ VKDOORZ DTXLIHUV DUH
FRPPRQO\ XVHG IRU GULQNLQJ DQG LUULJDWLRQ SXUSRVHV ZKLOH
ERUHZHOOV WDSSLQJ GHHSHU DTXLIHUV DUH XVHG RQO\ IRU GULQNLQJ
SXUSRVH'XJZHOOVDUHPRVWO\PGHHSDQGUDUHO\JRXS WR








,QGLVFULPLQDWH VHOHFWLRQ RIZHOO VLWHV \LHOGV SRRU UHVXOWV$ERXW
RIWKHERUHZHOOVGULOOHGLQWKHUHJLRQHLWKHUJHWGU\RUJLYH




WR IUDFWXUH DQG OLQHDPHQW SDWWHUQV DQG JHRPRUSKLF IHDWXUHV WKH
IROORZLQJREVHUYDWLRQVFRXOGEHPDGH
 %RUHZHOOV DORQJ RU QHDU OLQHDPHQWV KDYH VXEVWDQWLDOO\
KLJKHU \LHOGV WKDQ WKRVH QRW DVVRFLDWHG ZLWK OLQHDPHQWV
&RQYHUVHO\LQVKDOORZGXJZHOOVOLQHDPHQWVKDYHOLWWOHLQIOXHQFH
RQZHOO\LHOGV
 :KHUH WZR RU WKUHH OLQHDPHQWV LQWHUVHFW \LHOGV RI
ERUHZHOOVDWWKRVHVLWHVDUHJUHDWHUWKDQWKH\LHOGVRIZHOOVDZD\
IURPOLQHDPHQWVLQWHUVHFWLRQV
 %RUHZHOO \LHOGV DUH KLJKHU DORQJ WKH 1(WUHQGLQJ
OLQHDPHQWVWKDQDORQJOLQHDPHQWVWUHQGLQJLQRWKHUGLUHFWLRQV
 %RUHZHOOV LQWHUVHFWLQJ 1(WUHQGLQJ OLQHDPHQWV DUH
PRUH KLJK \LHOGLQJ LQ GHHSO\ EXULHG SHGLPHQWV WKDQ WKRVH
LQWHUVHFWLQJ1(WUHQGLQJOLQHDPHQWVRQWKHGLVVHFWHGSODWHDX7KH
ERUHZHOOVLQVXFKDUHDVKDYH\LHOGVDVKLJKDV/K
 %RUHZHOOV DORQJ WKH1:WUHQGLQJ OLQHDPHQWV DUHKLJK
\LHOGLQJ LI D VWUHDP LV IORZLQJ DORQJ WKHVH OLQHDPHQWV DQG WKH
ERUHZHOOVDUHYHU\FORVHWRLW7KHERUHZHOOVDORQJOLQHDPHQWVLQ
WKLVVHWWLQJKDYH\LHOGVDVKLJKDV/K
 'XJZHOO \LHOGV DUH UHODWHG WR WKH W\SH RI JHRPRUSKLF
IHDWXUH<LHOGVDUHKLJKHULQZHOOVGXJLQGHHSO\EXULHGSHGLPHQWV





$UWLILFLDO UHFKDUJH RI WKH DTXLIHUV LV DQ DQVZHU WR WKH GHFOLQLQJ
WUHQGVRIWKHJURXQGZDWHUOHYHOVLQWKHGLVVHFWHGSODWHDXDQGQRQ
FRPPDQG DUHDV&XUUHQWO\PRVW RI WKH SHUFRODWLRQ WDQNVPHDQW







WDNHQ WKDW WKH SHUFRODWLRQ WDQNV OLH RQ PRGHUDWHO\ RU KLJKO\
ZHDWKHUHGEDVDOWLFKRUL]RQV,QVRPHSODFHVWKHVHVWUXFWXUHVQHHG
DGGLWLRQDO GHHSHQLQJ WR H[SRVH WKHVH KRUL]RQV &UHDWLRQ RI
DUWLILFLDOIUDFWXUHVWKURXJKXVHRIH[SORVLYHVRQWKHWDQNEHGVLQ
FDVH WKH\ OLH RQ SRRUO\ ZHDWKHUHG DQG SRRUO\ MRLQWHG PDVVLYH
EDVDOWVPD\KHOSLQWKHGRZQZDUGSHUFRODWLRQRIVXUIDFHZDWHU






LQ DPRQWK IURP WKH.R\QDGDP$ERXWRI0&0RI VXUIDFH
ZDWHU LV OLIWHG E\ IDUPHUV WKURXJK VHYHUDO FRRSHUDWLYH OLIW
LUULJDWLRQ VFKHPHV IRU LUULJDWLRQ SXUSRVHV %DVH IORZ KDV EHHQ
HVWLPDWHG DV 0&0 DQQXDOO\ LQ WKLV DUHD 1DLN DQG$ZDVWKL
7KHKLJK DPRXQWRI EDVHIORZ IURPDQ DUHDRINP
PD\ EH DWWULEXWHG WR WKH RYHUDSSOLFDWLRQ RI VXUIDFH ZDWHU
*URXQGZDWHU OHYHOV DUH ULVLQJ DODUPLQJO\ LQ WKHFRPPDQGDUHDV
RIWKHOLIWLUULJDWLRQVFKHPHVRIWHQOHDGLQJWRQHDUZDWHUORJJLQJ
FRQGLWLRQV&RQVXPSWLYHXVHRIZDWHU UHVRXUFHV LV DQDQVZHU WR
FRPEDW WKH ZDWHU ORJJLQJ SUREOHPV 6RPH W\SH RI ORFDO
OHJLVODWLRQ WR IRUFH IDUPHUV WR LUULJDWHSDUWRI WKHLU ODQG WKURXJK
JURXQGZDWHU PD\ KHOS WR RIIVHW WKH ULVLQJ JURXQGZDWHU WDEOH
)XUWKHU WKHFRPPDQGDUHDRI WKHOLIWLUULJDWLRQVFKHPHVPD\EH
H[SDQGHG LQWR WKH DGMRLQLQJ VFDUFLW\ DUHDV WR FRYHU ODUJHU DUHDO
H[WHQWDQGQHHG\DUHDV$OVRGXULQJWKHGU\VSDQRIWKH\HDUWKH





3HRSOH DW KLJKHU HOHYDWLRQV GHSHQG H[FOXVLYHO\ RQ VSULQJV 2Q
PDQ\RFFDVLRQVWKHVHVSULQJVDUHWKRXJKWOHVVO\GLYHUWHGFDXVLQJ
KHDY\ HFRORJLFDO GDPDJH DQG SXEOLF RXWFU\ 7KH ORFDO
*RYHUQPHQW KDV WDSSHG PDQ\ RI WKHVH VSULQJV IRU FRPPXQLW\
ZDWHUVXSSO\$VPDOOWDQNLVFRQVWUXFWHGDWWKHRULJLQRIDVSULQJ
DQGZDWHU LV DOORZHG WR IORZE\JUDYLW\ WKURXJKDSLSHOLQH WR D
GLVWULEXWLRQ WDQNZKLFK LV ORFDWHG KLJKHU WKDQ WKH YLOODJH WR EH
VHUYHG'HSHQGLQJ RQ WKH TXDQWLW\ RI WKHZDWHU VWRUHGZDWHU LV
UHOHDVHG HLWKHU SHULRGLFDOO\ RU FRQWLQXDOO\ E\ SLSHOLQHV WR WKH
YLOODJHV IRU WKHLU XVH $PRQJ WKH  ZDWHU VXSSO\ VFKHPHV






 :KHQHYHU QHFHVVDU\ WZR RU PRUH VSULQJV VKRXOG EH
WDSSHG WRJHWKHU WR FDWHU WR WKH QHHGV RI D UHODWLYHO\ ODUJHU
SRSXODWLRQ
 $IWHU LQVWDOODWLRQ RI WKH ZDWHUVXSSO\ VFKHPHV WKH\
VKRXOGEHPRQLWRUHGSHULRGLFDOO\
 ,Q FDVH ZDWHU VXSSO\ H[FHHGV XVH WKH VXUSOXV ZDWHU
PD\EHVWRUHGIRUXVHLQKRUWLFXOWXUHDQGWRLUULJDWHFURSODQG
 5DLQZDWHU KDUYHVWLQJ VWUXFWXUHVPD\EH FRQVWUXFWHG DW











7KH:HVWHUQ*KDWV UHJLRQ LV FKDUDFWHUL]HGE\ERWK VFDUFLW\DQG
DEXQGDQFHRIJURXQGZDWHU±VFDUFLW\LQWKHGLVVHFWHGSODWHDXVDQG
DEXQGDQFH LQ WKH FRPPDQG DUHDV RI WKH LUULJDWLRQ VFKHPHV
HVSHFLDOO\ LQWKHFHQWUDOSRUWLRQVRI WKHULYHUYDOOH\V7KHLVVXHV
LQYROYHGLQWKHRSWLPDOGHYHORSPHQWRIWKHDYDLODEOHJURXQGZDWHU
UHVRXUFHV DUH  ZDWHU VFDUFLW\ LQ WKH GLVVHFWHG SODWHDXV LV D
GLUHFWIXQFWLRQRIODFNRIVDWXUDWLRQRIWKHDTXLIHUVRZLQJWRWKH
URFNVEHLQJZHOOGUDLQHGDQGDEXQGDQFHLQWKHFHQWUDOYDOOH\V
LVEHFDXVHRI WKHLU VLWXDWLRQ LQ WKHGLVFKDUJHDUHDVRI WKHEDVLQV
DQG DOVR LQ WKH UHJLRQV RI PD[LPXP LUULJDWLRQ ERWK RI ZKLFK
FDXVH KLJK ZDWHU OHYHOV &RXQWHULQJ WKHVH FKDOOHQJHV LV D YHU\
GLIILFXOW WDVN DQG QHHGV V\VWHPDWLF LQWHJUDWHG DSSURDFKHV DQG
SXEOLF FRRSHUDWLRQ:DWHU VFDUFLW\ LQ WKH GLVVHFWHGSODWHDXV FDQ
EH DGGUHVVHG WKURXJK FRQVWUXFWLRQ RI VHYHUDO DUWLILFLDO UHFKDUJH
VWUXFWXUHVDW VXLWDEOH ORFDWLRQVIRUDXJPHQWDWLRQRI WKHDYDLODEOH
JURXQGZDWHUUHVRXUFHV,QWKHZDWHUDEXQGDQWDUHDVLQWKHFHQWUDO
YDOOH\V FRQVXPSWLYH XVH RI ZDWHU UHVRXUFHV LV KLJKO\
UHFRPPHQGHG 6SULQJV PD\ EH KDUQHVVHG HIIHFWLYHO\ DW KLJKHU
HOHYDWLRQV 0RUH QXPEHU RI GXJZHOOV PD\ EH FRQVWUXFWHG LQ
GHHSO\ EXULHG SHGLPHQWV ZKLOH WKH DUHDV KDYLQJ 1(WUHQGLQJ






1DLN 3. $ZDVWKL $. $QDQG $966 0RKDQ 3& 





















6XGDQ LV GHSHQGHQW XSRQ JURXQGZDWHU IRU LWV VXSSO\ RI ZDWHU
ERWK IRUKXPDQFRQVXPSWLRQDQG LUULJDWLRQ6XGDQKDVDXQLTXH
SRVLWLRQ LQ WKH YDULHG DQG ULFK JHRJUDSK\ LQ WKH 0XVOLP DQG
$IULFDQ ZRUOG 7KLV DUWLFOH GHDOV ZLWK WKH SUHVHQW JURXQGZDWHU
UHVRXUFHV 7KH GHFLVLRQ ZKHUH DQG KRZ PXFK JURXQGZDWHU WR
SXPSGHSHQGV LQWHU DOLD RQ WKHTXDOLW\RI JURXQGZDWHU DQG WKH
GHSWKIURPZKLFKLWKDVWREHSXPSHG7KHIXUWKHUGHYHORSPHQW
RI JURXQGZDWHU IRU DJULFXOWXUH DQG GRPHVWLF XVH LV RQH RI WKH
SULRULWLHVWRLPSURYHWKHDJULFXOWXUDO\LHOGRIWKHFRXQWU\DQGWKH
GRPHVWLF DQG LQGXVWULDO IRUZDWHU VXSSO\ VLWXDWLRQ JURXQGZDWHU
QHHGVOLWWOHWUHDWPHQW2WKHUIDFWRUVWKDWVKRXOGEHFRQVLGHUHGLQ
SODQQLQJSULRULWLHVRIZDWHUGHPDQG W\SHGLVWULEXWLRQTXDOLW\
DUH WKH DYDLODELOLW\ RI DOWHUQDWLYH UHVRXUFHV WKH H[LVWLQJ
GHYHORSPHQWSODQVDQG WKHVRFLRORJLFDOFRQGLWLRQVDQGSROLWLFDO
SULRULWLHV7KHSUHVHQWPLQLPXPDQQXDOUHTXLUHPHQWVRIZDWHUIRU







DQG DSSURDFKHV ,W FDQ EH FRQFOXGHG WKDW WKH JURXQGZDWHU











6XGDQHVH SRXQG SHU ZHOO DQG WLPHFRQVXPLQJ SURFHGXUH LI
H[DFWTXDQWLWLYHHVWLPDWHVDUHUHTXLUHG
$ERXWPLOOLRQFXELFPHWHUVDUHHVWLPDWHGWRUHFKDUJH
WKH PDMRU EDVLQV DQQXDOO\ 2QO\  PLOOLRQ FXELF PHWHUV RI
UHFKDUJHG ZDWHU LV DEVWUDFWHG IRU GLIIHUHQW SXUSRVHV EHFDXVH RI
ODFN RI DSSURSULDWH DQG FRQVLVWHQW SROLFLHV IRU JURXQGZDWHU
GHYHORSPHQW VKRUWDJH RI SURIHVVLRQDO DQG WHFKQLFDO PDQSRZHU
DQGWUDLQLQJIDFLOLWLHV
 6HYHUDO SURMHFWV DUH QRZ GHYHORSHG IRU WKH XVH RI
JURXQGZDWHU LQ LUULJDWLRQ $ERXW  [  VTXDUH PHWHUV DUH
SODQQHGWREHLUULJDWHGIURPJURXQGZDWHU
 7KH FRQWLQXDWLRQ RI WKH QXPHURXV UHVHDUFK SURMHFWV LV
HVVHQWLDOIRUSURSHUXWLOLVDWLRQRIJURXQGZDWHUUHVRXUFHV
 7KH GDWD SUHVHQWHG LQ WKLV SDSHU FDQ EH FRQVLGHUHG DV
QXFOHXV LQIRUPDWLRQ IRU H[HFXWLQJ UHVHDUFK DQG GHYHORSPHQW RI
JURXQGZDWHU UHVRXUFHV DW WKH VDPH WLPH WKH\ FRXOG GHWHUPLQH
VLWHVWKDWDUHOLNHO\WRKDYHDEHWWHUSURVSHFW
 )LQDOO\ D GDWD EDQN ZLOO EH QHHGHG WR SURYLGH DOO WKH












































VXLWDEOH VLWH IRU D ORZ DQG LQWHUPHGLDWH OHYHO UDGLRDFWLYHZDVWH
UHSRVLWRU\$JUDQLWHFRPSOH[ORFDWHGQHDU%iWDDSiWLEHWZHHQWKH








7ULWLXP UDGLRFDUERQ VWDEOH LVRWRSH UDWLRVZHUHPHDVXUHG LQ DOO
ZDWHUVDPSOHVDQGGLVVROYHGQREOHJDVHVLQDIHZVDPSOHVZHUH
DQDO\VHG 7KH WULWLXP ZDV GHWHUPLQHG E\ KHOLXP LQJURZWK
PHWKRG ZLWK D QREOH JDV PDVV VSHFWURPHWHU 9*  7KH
GHWHFWLRQOLPLWRIWKLVPHWKRGLVOHVVWKDQ787KHDFFXUDF\
RIWKHPHDVXUHPHQWVLVLQWKHUDQJHRI783DOFVXHW
DO  6WDEOH LVRWRSH UDWLRV į' DQG į2 RI ZDWHU ZHUH
PHDVXUHG E\ D )LQQLJDQ 0DW GHOWD 6 DQG į& RI GLVVROYHG
LQRUJDQLFFDUERQZHUHPHDVXUHGE\D0F.LQQH\1LHUW\SHVWDEOH
LVRWRSH UDWLR PDVV VSHFWURPHWHUV +HUWHOHQGL HW DO 
'LVVROYHGQREOHJDVPHDVXUHPHQWVPRVWO\KHOLXPZHUHFDUULHG
RXWZLWKWKHDERYHPHQWLRQHGQREOHJDVPDVVVSHFWURPHWHU7KH




D FRXQWLQJ SHULRG RI VHYHQ GD\V +HUWHOHQGL HW DO  7KH




7KH JUDQLWH ERG\ ZDV SURGXFHG LQ WKH &DUERQLIHURXV ,W LV
FRYHUHG E\  PHWUHV RI +RORFHQH DQG 3OHLVWRFHQH ORHVV
VHGLPHQW7KH VHGLPHQW LVSDUWO\ZDWHUWLJKWEXW WKHUHDUH]RQHV
ZKHUH LQILOWUDWLRQ WR WKH GHHSHU DUHD LV SRVVLEOH 7KH SHULSKHUDO
SDUWRIWKHJUDQLWHLVIUDFWXUHGZKHUHDVWKHLQVLGHRQHLVXQDOWHUHG
7KHIORZYHORFLW\LQWKHFRPSDFWJUDQLWHLVYHU\ORZDERXW
PVEXW LQ IUDFWXUHGJUDQLWH LWPD\EHKLJKHU7KHSURSHUWLHVRI
WKH IORZ V\VWHPZHUH LQYHVWLJDWHG E\ LVRWRSH PHDVXUHPHQWV RI
JURXQGZDWHUVDPSOHVIURPWKHERUHKROHVGULOOHGGRZQWR
PHWUHV LQWR WKH JUDQLWH )LJ UHSUHVHQWV WKH ORFDWLRQV RI WKH



































7ZR JURXSV RI ERUHKROHV ZHUH GLVWLQJXLVKHG LQ WKH GDWD




LQ WKHYDOOH\ZHUH UHODWLYHO\ VKDOORZ P$OO VDPSOHV
PRVWO\ LQ WKH VKDOORZ RQHV FRQWDLQHGPRUH RU OHVV WULWLXP VHH
7DE ,W LVQDWXUDO LQ FDVHRIZDWHU WDEOHVFORVH WR WKH VXUIDFH
EXWLQWKHGHHSHUOD\HUVLWFDQEHWKHUHPDLQVRIWKHGULOOLQJZDWHU
7KHWULWLXPFRQWHQWGHFUHDVHGZLWKWKHGHSWK,WFDQEHDOVRVHHQ
LQ 7DE WKDW WKH ZDWHU EHFDPH ROGHU ZLWK LQFUHDVLQJ GHSWK
DFFRUGLQJ WR WKHUDGLRFDUERQDJHVZKLFK LQFUHDVHG WRND
7ZRERUHKROHV LQ WKHYDOOH\ hKDQGSURYLGHGDOVRYHU\
ROGZDWHU WKH DJH RI WKHZDWHU IURPP LQZHOOhK
ZDVWKHROGHVWRQHND
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7KH LVRWRSH UDWLRV RI GHXWHULXP DQG R[\JHQ EHFDPH PRUH
GHSOHWHGZLWK LQFUHDVLQJ GHSWK Å WR Å DQG Å WR 
Å UHVSHFWLYHO\ 7KLV LPSOLHG WKDW ZDWHU LQ GHHSHU OD\HU
LQILOWUDWHGXQGHUFROGHUFOLPDWHH[FHSWRQO\WKHhK7KHį&
VKRZHG DQ LQYHUVH EHKDYLRXU WKH įYDOXHV RI FDUERQ LVRWRSHV
EHFDPH OHVV GHSOHWHGZLWK LQFUHDVLQJ GHSWK Å WR Å ,W




RI WKH LVRWRSH UDWLRV VKRZHG DQ RSSRVLWH WUHQGZKLFK QHHGV DQ
H[SODQDWLRQ 7KH UDGLRFDUERQ DJHV DV ZHOO DV WKH GHFUHDVH RI
K\GURJHQDQGR[\JHQLVRWRSHUDWLRVZLWK LQFUHDVLQJGHSWKDOORZ
XVWRVXSSRVHWKDWWKHZDWHULQWKHGHHSHVWOD\HULQILOWUDWHGEHIRUH
WKH +RORFHQH ,Q WKUHH FDVHV LW ZDV SRVVLEOH WR WDNH QREOH JDV
VDPSOH7KHVDPSOHVZHUHWDNHQLQWRFRSSHUWXEHVDPSOHU7DEOH
 VKRZV WKHKHOLXPFRQFHQWUDWLRQ DQG LVRWRSH UDWLR +H+H 5
GLYLGHGE\ WKHDWPRVSKHULF UDWLR5DGDWDRI WKHVDPSOHVZKLFK
FDPH IURP WKH GHHSHVW ZDWHU OD\HU 7KHVH KHOLXP GDWD DUH
FRUUHODWHG ZLWK WKH UDGLRFDUERQ DJHV WKH ROGHVW ZDWHU hK
ZLWKNDFRQWDLQHGWKHPRVWKHOLXPZKLOHWKHOHVVKHOLXPZDV











GHWHUPLQH WKH IORZSDWKV 2Q WKH EDVLV RI LVRWRSH GDWD ZH FDQ
DVVXPHWKDWWKHZDWHUGRHVQ¶WIORZLQWKHLQQHUSDUWRIWKHJUDQLWH










=V 1DJ\ 6  6WDEOH LVRWRSH PDVV VSHFWURPHWHU )RXUWK


















$ E V W U D F W   7KHDLPRIWKHSDSHULVWKHGHVFULSWLRQDQGLQWHUSUHWDWLRQRIWKHK\GURJHRORJLFDOFRQGLWLRQVLQWKH6:7ULILOLDFRDVWDO
NDUVWDTXLIHU+\GURJUDSKVRIZDWHUWDEOHDQGHOHFWULFFRQGXFWLYLW\GDLO\UHVSRQVHVSORWWHGDJDLQVWGDLO\UDLQIDOOLQGLFDWHWKDWWKHZDWHU
WDEOH LV VHWWOHGZLWKLQ WKH IOXFWXDWLRQ OLPLWV EHWZHHQ WKH GU\ DQGZHW VHDVRQZKLOH WKH HOHFWULF FRQGXFWLYLW\ UHPDLQV FRQVWDQW7KH







7KH VWXG\ DUHD LV ORFDWHG LQ WKH VRXWKZHVWHUQ SDUW RI
3HORSRQQHVXV LQ WKH 7ULILOLD SURYLQFH RI *UHHFH 7KH PHDQ
DQQXDOWHPSHUDWXUHLVR&ZKLOHWKHPHDQDQQXDOSUHFLSLWDWLRQ
LV PP )LOLDWUD VWDWLRQ7ULILOLD LV DQDJULFXOWXUDO DUHDZLWK
LQFUHDVHG GHPDQGV RI LUULJDWLRQ ZDWHU FRYHUHG PDLQO\ E\ WKH
H[SORLWDWLRQRIWKHNDUVWDTXLIHU
7KH EHGURFN RI WKH UHVHDUFK DUHD EHORQJV WR WKH 7ULSROLV
VHULHVDQGLVFRPSRVHGRIDWKLFNVHTXHQFHRI(RFHQHOLPHVWRQHV
DQGGRORPLWLFOLPHVWRQHVRYHUODLQE\DQ2OLJRFHQHIO\VFK(662







































GHSRVLWLRQDO DOWHUDWLRQ KDV WDNHQ SODFH LQ WKH UHDOP RI DFWLYHO\
FLUFXODWLQJ JURXQGZDWHU.DUVWLILFDWLRQ SURGXFHV D GXDOSRURVLW\
DTXLIHU LQ ZKLFK GLVVROXWLRQZLGHQHG IUDFWXUHV DUH W\SLFDOO\
VXSHULPSRVHG RQ D KLJKSRURVLW\PDWUL[ &RQWUDFWRU DQG -HQVRQ
7KHHRJHQHWLFNDUVWPRGHOVXJJHVWVWKDWPRVWRIWKHIORZ




$ GHQVH V\VWHP RI IDXOWV DQG IUDFWXUHV LQWHUVHFWV WKH FDUERQDWH
VHGLPHQWVRI7ULILOLDLQ11:66(DQG1(6:GLUHFWLRQV)LJ
DQG FRQVWLWXWHV WKH PDLQ GUDLQDJH QHWZRUN RI WKH NDUVW DTXLIHU
)LJ7KHK\GUDXOLFJUDGLHQW LVH[WUHPHO\ ORZ LQ WKHQRUWKHUQ











+\GURJUDSKV RI WKH DTXLIHU ZHUH REWDLQHG DIWHU LQVWDOOLQJ
DXWRPDWLF PXOWLSDUDPHWHU SUREHV DW % DQG % SLH]RPHWHUV
)LJILYHPHWHUEHORZWKHZDWHUWDEOH7KHV\VWHPFRQILJXUHG
IRU FRQWLQXRXV UHFRUGLQJV RI WKH ZDWHU WDEOH DQG HOHFWULF
FRQGXFWLYLW\ZLWKDKDOIKRXUVWHSGXULQJWKHSHULRG0D\
)HEUXDU\7KHUHVXOWHGK\GURJUDSK)LJVKRZVWKHZDWHU
WDEOH UHVSRQVH DYHUDJHG LQGDLO\YDOXHV WRSUHFLSLWDWLRQZKLFK
LV QRUPDOO\ IOXFWXDWHG EHWZHHQ WKH ZHW DQG GU\ VHDVRQ RI WKH
K\GURORJLFDO\HDU2QWKHFRQWUDU\HOHFWULFFRQGXFWLYLW\UHPDLQV




























 H[FOXVLYHO\ IRU LUULJDWLRQ SXUSRVHV )LJ 7KH KXPDQ
LQGXFHG VWUHVVHV E\ WKH SXPSLQJV WR WKHZDWHU UHVRXUFHV RI WKH
7ULILOLDNDUVWDTXLIHUZHUHH[DPLQHGLQ%DQG%ERUHKROHVE\




















,W LV FOHDUO\ VKRZQ WKDW WKH LQFUHDVH RI WKH QXPEHU RI WKH





$ VLPSOLILHGHTXDWLRQRI WKHK\GURORJLFEDODQFH LVJLYHQE\ WKH
HTXDWLRQ
3 5(,
ZKHUH3 LV WKHPHDQDQQXDOSUHFLSLWDWLRQ5 LV WKHPHDQDQQXDO
VXUIDFH UXQRII( LV WKHPHDQDQQXDOHYDSRWUDQVSLUDWLRQDQG, LV
WKHPHDQDQQXDOLQILOWUDWLRQ$VVXPLQJWKDWWKHUXQRIILQWKHNDUVW
WHUUDLQ RI 7ULILOLD LV QHJOLJLEOH WKH GLIIHUHQFH EHWZHHQ




)ROORZLQJ -RFVRQ¶V  HW DO  FRQFHSWV DQG WHUPLQRORJ\
IRU HRJHQHWLF NDUVW DTXLIHUV WKH LQILOWUDWHG DV DERYH UDLQZDWHU
FRUUHVSRQGVWRWKHYDGRVHSHUFRODWLRQSOXVYDGRVHIDVWIORZ7KH
QHW LQSXW LQ WKH FDVH RI 7ULILOLD NDUVW DTXLIHU HTXDOV WR WKLV
TXDQWLW\ SOXV WKH DQQXDO YROXPH RI WKH /DJRXYDUGRV5LYHU WKDW
LQILOWUDWHV WKH DTXLIHU ,/ WKURXJK WKH VWUHDPEHG 3DQDJRSRXORV
DQG/DPEUDNLV7KHRXWSXWIURPWKHDTXLIHULVWKHVXPRI
VHHS IORZ 4 VSULQJ IORZ 46 DQG SXPSHG IORZ 43 7KH
VSULQJIORZFRUUHVSRQGVWRWKHGLVFKDUJHRIWKH6NDUVWLFVSULQJ











WKHDERYH WDEOH UHVXOWV WKDW WKHDQQXDO UHFKDUJHRI WKHDTXLIHU LV
PXFKKLJKHUWKDQWKHDQQXDOZDWHUH[WUDFWLRQV7KLVIDFWH[SODLQV
WKH ODFN RI ZDWHU WDEOH IOXFWXDWLRQV GXULQJ WKH ODVW  \HDUV
DOWKRXJK LPSRUWDQW TXDQWLWLHV RI JURXQGZDWHU DUH SXPSHG RXW
[P\HDU












$GHQVHQHWZRUNRI IDXOWVDQG IUDFWXUHV LQWHUVHFWV WKHFDUERQDWH
VHGLPHQWV RI 7ULILOLD IRUPLQJ DQ HRJHQHWLF NDUVW DTXLIHUZLWK D
KLJK GXDO SRURVLW\ 7KH K\GUDXOLF JUDGLHQW LV YHU\ ORZ DQG WKH
DTXLIHU LV YHU\KLJKSHUPHDEOH7KH DTXLIHU LV KLJKO\ UHFKDUJHG
IURP UDLQZDWHU LQILOWUDWLRQ DQG VXUIDFHZDWHU SHUFRODWLRQZKLFK





&RQWUDFWRU '1 -HQVRQ -:  6LPXODWHG HIIHFW RI YDGRVH
LQILOWUDWLRQRQZDWHUOHYHOVLQWKH1RUWKHUQ*XDP/HQV$TXLIHU
-+\GURO
(662+(//(1,&  *HRORJLFDO PDS RI *UHHFH )LOLDWUD
VKHHW,*0($WKHQV
-RFNVRQ -08 -HQVRQ -:&RQWUDFWRU'1 5HFKDUJH DQG




0\OURLH -(9DFKHU+/ $FRQFHSWXDOYLHZRI FDUERQDWH
LVODQG NDUVW ,Q 3DOPHU$1 3DOPHU09 6DVRZVN\ ,' HGV
.DUVW0RGHOLQJ6\PSRVLXP&KDUORWWHVYLOOH9$
3DQDJRSRXORV *3 /DPEUDNLV 1-  ,QYHVWLJDWLRQ RI WKH
TXDOLW\RIJURXQGZDWHURI6:7ULILOLDNDUVWLFDTXLIHULQUHVSHFW
ZLWK WKH K\GURJHRORJLFDO FRQGLWLRQV RI WKH DUHD %XOOHWLQ RI
*HRORJLFDO 6RFLHW\ RI *UHHFH YRO ;;;,9 SS 





















































































































'DWD $TXLIHU 7HVWLQJ *URXQGZDWHU )ORZ 0RGHOLQJ $QDO\VLV RI $TXLIHU 3RWHQWLDO DQG 'HYHORSPHQW RI 5HFKDUJH 0RGHO $
JURXQGZDWHUIORZPRGHOEDVHGRQGLVFUHWHIUDFWXUHIORZSUHGLFWHGWKDWWKHZDWHUOHYHOVLQWKHZHOOILHOGZLWKRXWUHFKDUJHZRXOGGHFOLQH
VLJQLILFDQWO\ GXULQJ WKH OLIH RI WKH SURMHFW DQG SRWHQWLDOO\ LPSDFW WKH HQYLURQPHQW 6XUIDFH ZDWHU IURP QHDUE\ 7RQWR &UHHN ZDV
HYDOXDWHGDVDSRWHQWLDOVRXUFHIRUDUWLILFLDOJURXQGZDWHUUHFKDUJH7KHDYHUDJHDQQXDOIORZLQ7RQWR&UHHNZDVDQDO\]HGWRHVWDEOLVK
WKHWKUHVKROGFULWHULDIRUVXUIDFHZDWHUZLWKGUDZDOGXULQJWKHKLJKIORZVHDVRQ7KHZDWHUVDPSOHVZHUHFROOHFWHGIURP7RQWR&UHHN
H[FHHGHG WKH$:46 $TXLIHU:DWHU4XDOLW\6WDQGDUGV IRU WXUELGLW\ DQG WRWDO FROLIRUPV%HFDXVHRI WKHVH$:46H[FHHGDQFHV D
ZDWHU WUHDWPHQW SODQW ZDV FRQVWUXFWHG WR WUHDW ZDWHU IURP 7RQWR &UHHN SULRU WR LQMHFWLQJ ZDWHU LQWR WKH ZHOO ILHOG DTXLIHU 7KH
FRQVWUXFWLRQRI65ZDVLQLWLDWHGLQDQGLVFXUUHQWO\SURJUHVVLQJZLWKDQDGHTXDWHVXSSO\RIFRQVWUXFWLRQZDWHUIURPWKHKDUG








$UL]RQD 'HSDUWPHQW RI 7UDQVSRUWDWLRQ $'27 LQ FRRSHUDWLRQ
ZLWKWKH86)RUHVW6HUYLFH86)6IRUWKH6WDWH5RXWH65
KLJKZD\ XSJUDGLQJ SURMHFW EHWZHHQ 3D\VRQ DQG +HEHU LQ *LOD
&RXQW\ $UL]RQD 7KH SULPDU\ REMHFWLYHV RI WKH VWXG\ ZHUH WR
LGHQWLI\DQGGHYHORSYLDEOHJURXQGZDWHUVRXUFHVWKDWFRXOGPHHW
WKH FRQVWUXFWLRQ ZDWHU GHPDQG RI WKH SURMHFW ZKLOH KDYLQJ
PLQLPDOLPSDFWRQWKHHQYLURQPHQWH[LVWLQJJURXQGZDWHUXVHUV
DQG ZDWHUGHSHQGHQW UHVRXUFHV ,W ZDV HVWLPDWHG WKDW 
PLOOLRQ JDOORQV DERXW  DFUHIHHW RIZDWHUZRXOG EH QHHGHG




JUDQLWH JHQHUDOO\ \LHOG OHVV WKDQ  JSP 7KH JURXQGZDWHU
UHVRXUFH HYDOXDWLRQ ZDV SHUIRUPHG LQ SKDVHV VWDUWLQJ ZLWK D
K\GURJHRORJLFDO HYDOXDWLRQ RI WKH KLJKZD\ FRUULGRU DQG
VXUURXQGLQJDUHDDQGFXOPLQDWLQJZLWKH[SORUDWLRQGHYHORSPHQW
DQGDVVHVVPHQWRIDZHOO ILHOG*URXQGZDWHU IORZLQDIUDFWXUHG
FU\VWDOOLQH URFN OLNH WKH 3D\VRQ *UDQLWH RFFXUVPDLQO\ WKURXJK
WKH IUDFWXUHV ZLWKLQ WKH URFN PDVV DQG LV FRQWUROOHG E\ WKH
JHRPHWU\ DQG K\GUDXOLF SDUDPHWHUV RI WKH IUDFWXUHV $ GLVFUHWH
IUDFWXUH IORZ PRGHO SUHGLFWHG WKDW GHWULPHQWDO LPSDFWV FRXOG
UHVXOW IURP ORQJWHUP SXPSLQJ RI WKH ZHOO ILHOG $V D UHVXOW
VHDVRQDOVXUIDFHUHFKDUJHIURPDORFDOFUHHNWRWKHZHOOILHOGZDV
UHFRPPHQGHG WR PLWLJDWH WKH SRWHQWLDO LPSDFWV 7KH DUWLILFLDO
UHFKDUJHRIVXUIDFHZDWHUZLOODVVLVWLQUHGXFLQJWKHGHPDQGVRQ
WKHZHOO ILHOG DQG SRWHQWLDO LPSDFWV WR WKH HQYLURQPHQWZLOO EH








ILYH WDUJHW VLWHV DORQJ WKHSURMHFW FRUULGRU+\GURJHRORJLFPDSV
RI WKHVLWHVZHUHFRPSLOHGE\SORWWLQJDOOH[LVWLQJZHOOVVSULQJV
DQGVWUHDPVORFDWHGZLWKLQDWOHDVWDòPLOHUDGLXVRIWKHWDUJHW




DOVR UHYLHZHG IRU LQIRUPDWLRQ RQ WKH RULHQWDWLRQ RI PDMRU
VWUXFWXUDO IHDWXUHV LQ WKHSURMHFW DUHD$ ILHOG UHFRQQDLVVDQFHRI
WKH WDUJHW VLWHV ZDV SHUIRUPHG WR YHULI\ WKH ORFDWLRQ RI ZHOOV
VSULQJV DQGPDMRU VWUXFWXUHV LQ RUGHU WR VHOHFW H[SORUDWLRQZHOO









$FRXVWLF WHOHYLHZHU HOHFWULFDO JXDUG UHVLVWLYLW\ FDOLSHU QDWXUDO
JDPPD JDPPD GHQVLW\ QHXWURQ SRURVLW\ DQG VRQLF 9'/ ORJV
ZHUH FRPSOHWHG DW :HOO 5 WR HYDOXDWH WKHLU HIIHFWLYHQHVV LQ
FKDUDFWHUL]LQJ WKH IUDFWXUH V\VWHPDQGK\GURJHRORJLF FRQGLWLRQV
LQ WKHZHOO ILHOG%DVHGRQ WKLVHYDOXDWLRQ VHOHFWHGJHRSK\VLFDO
ORJV ZHUH SHUIRUPHG LQ WKH RWKHU ZHOOV DW WKH 59 VLWH 7KH
FRUUHODWLRQ EHWZHHQ GLIIHUHQW JHRSK\VLFDO ORJV ZDV XVHG WR
HVWDEOLVK WKH ORFDWLRQ DQG SHUPHDELOLW\ RI WKH PDMRU IUDFWXUH
]RQHVZLWKLQWKHDTXLIHU*HRPHWULFDODQGK\GUDXOLFSURSHUWLHVRI
WKH IUDFWXUHV ZHUH LQWHUSUHWHG IURP WKH JHRSK\VLFDO ORJV 7KLV
SURYLGHG WKH EDVLV IRU GHYHORSLQJ WKH GLVFUHWH IUDFWXUH IORZ





6HYHUDO DTXLIHU WHVWV ZHUH SHUIRUPHG DW WKH 59 ZHOO ILHOG WR




GD\V DQGGUDZGRZQDQG UHFRYHU\PHDVXUHPHQWVZHUH UHFRUGHG
IRUDOOWKHZHOOVDWWKH59VLWH
:HOOV555DQG5ZHUHDOOSXPSHGIRUDSHULRGRI
 GD\V DQG GUDZGRZQ DQG UHFRYHU\ PHDVXUHPHQWV ZHUH
UHFRUGHGDWDOORIWKHZHOOVDWWKH59VLWH6L[REVHUYDWLRQZHOOV
ZHUHGULOOHGWRPRQLWRUWKHZDWHUOHYHOVGXULQJWKHSXPSWHVWV,Q
DGGLWLRQ WKH IORZ UDWH DW WZR QHDUE\ VSULQJV0XG 6SULQJ DQG


8QQDPHG 6SULQJ DQG *UHHQ 9DOOH\ &UHHN ZHUH PHDVXUHG DQG
UHFRUGHG$WWKHHQGRIWKHWHVWWKHGUDZGRZQVDW:HOOV5DQG
5ZHUHDERXWDQGIHHWUHVSHFWLYHO\DQGWKHGUDZGRZQV
DW:HOOV 5 DQG5ZHUH  DQG  IHHW UHVSHFWLYHO\ 7KH
GUDZGRZQLQWKHREVHUYDWLRQZHOOVUDQJHGIURPOHVVWKDQRQHIRRW









QHWZRUN SDWWHUQ DQG WKH REVHUYDWLRQ WKDW WKH IORZ LV SUDFWLFDOO\
UHVWULFWHGWRWKHPDMRUIUDFWXUHVZLWKLQWKHDTXLIHUWKHHTXLYDOHQW
FRQWLQXXP PHGLD DVVXPSWLRQ GRHV QRW DGHTXDWHO\ GHVFULEH WKH
IORZEHKDYLRUDW WKLV VLWH*URXQGZDWHU IORZZLWKLQ WKHDTXLIHU
ZDV IRXQG WR EH KLJKO\ DQLVRWURSLF 7KHUHIRUH D IORZ PRGHO
EDVHG RQ WKH GLVFUHWH IUDFWXUH IORZ DSSURDFK 3DQGD DQG




WR FDOLEUDWH WKH WUDQVPLVVLYLW\ 7 DQG VWRUDWLYLW\ 6 YDOXHV IRU
GLIIHUHQW]RQHV LQ WKHGLVFUHWHIUDFWXUHQHWZRUN7KHVLPXODWLRQV






7KH IORZPRGHO SUHGLFWHG WKDWZDWHU OHYHO LQ WKH DTXLIHUZRXOG
GHFOLQHE\PRUHWKDQIHHWRYHUWKHOLIHRIWKHSURMHFW'HFOLQH
LQ WKHZDWHU OHYHOVZRXOG LPSDFWGLVFKDUJH IURPQHDUE\VSULQJV
DQGIORZLQ*UHHQ9DOOH\&UHHN,QRUGHUWRPLWLJDWHWKHLPSDFWV
LW ZDV UHFRPPHQGHG WKDW VXUIDFH ZDWHU IURP 7RQWR &UHHN
ORFDWHG DERXW  PLOHV HDVW RI WKH ZHOO ILHOG FRXOG EH XVHG WR
UHFKDUJHWKH59VLWHZHOOILHOG:LWKGUDZDORIZDWHUIURP7RQWR
&UHHN ZRXOG EH OLPLWHG WR SHULRGV RI KLJK IORZ LQ RUGHU WR
PLQLPL]HLPSDFWVWRWKHFUHHNV\VWHP$YHU\VPDOODPRXQWOHVV
WKDQ  RI VXUIDFH IORZZRXOG EH QHHGHG WR UHFKDUJH WKH59






7KH SULPDU\ REMHFWLYHV RI WKH JURXQGZDWHU UHVRXUFH HYDOXDWLRQ
ZHUHWRLGHQWLI\DQGGHYHORSYLDEOHJURXQGZDWHUUHVRXUFHVDORQJ
WKH KLJKZD\ FRUULGRU WKDW FRXOG PHHW WKH FRQVWUXFWLRQ ZDWHU
GHPDQG RI WKH SURMHFW ZKLOH KDYLQJ PLQLPDO LPSDFW RQ WKH
HQYLURQPHQW H[LVWLQJ ZDWHU XVHUV DQG ZDWHU GHSHQGHQW
UHVRXUFHV %RUHKROH JHRSK\VLFDO ORJJLQJ ZDV SHUIRUPHG WR
FKDUDFWHUL]H DTXLIHU PDWHULDOV DQG WKH IUDFWXUH QHWZRUN 7KH
JURXQGZDWHU IORZ LQ WKH 59 ZHOO ILHOG LV GRPLQDWHG E\ IORZ
WKURXJK IUDFWXUHV +HQFH D GLVFUHWH IUDFWXUH IORZ PRGHO ZDV
GHYHORSHG7KHFRPSXWHUPRGHOSUHGLFWHGWKDWWKHZDWHUOHYHOVLQ
WKHZHOOILHOGZRXOGGHFOLQHE\RYHUIHHWGXULQJWKHOLIHRIWKH
SURMHFW 7KH DUWLILFLDO UHFKDUJH RI VXUIDFH ZDWHU LQWR WKH
JURXQGZDWHU ZDV IRXQG QRW RQO\ WR UHGXFH WKH GHPDQG RI WKH




























7KH LVRODWHG GHYHORSPHQW RI VXUIDFH ZDWHU ZLWKRXW V\VWHPDWLF
GHYHORSPHQWRIJURXQGZDWHUUHVRXUFHVZLWKLQWKHFRPPDQGDUHD
ZLOO UHVXOW LQ XQGHVLUDEOH FRQVHTXHQFHV OLNH ZDWHU ORJJLQJ DQG
VRLOVDOLQLW\DIIHFWLQJVXVWDLQDEOHSURGXFWLRQ.HHSLQJLQYLHZRI
WKH DODUPLQJ QDWXUH RI WKH SUREOHP WKH 1DWLRQDO:DWHU 3ROLF\
 ULJKWO\ DGYRFDWHG WKH LQWHJUDWHG GHYHORSPHQW RI ERWK
VXUIDFH DQG JURXQGZDWHU DQG WKHLU FRQMXQFWLYH XVH LQ WKH
FRPPDQGDVDQHIIHFWLYHPHDVXUHIRUFRPEDWLQJWKHPHQDFH
&RQMXQFWLYHXVHRIVXUIDFHDQGJURXQGZDWHUQRWRQO\SURYLGH
WKH EHVW VROXWLRQ IRU EHQHILFLDO XVH RI ZDWHU UHVRXUFHV EXW DOVR
SURYLGHDGGLWLRQDOZDWHUIRULQFUHDVLQJWKHLQWHQVLW\RILUULJDWLRQ
DQG DYDLODELOLW\ RIPRUHZDWHU LQ WKH WDLO HQG UHDFKHV RI FDQDO
*KDWDSUDEKD FRPPDQG LQ .DUQDWDND 6WDWH LV RQH RI WKH
FRPPDQGVZKHUHFRQMXQFWLYHXVHVWXGLHVZHUHWDNHQXS
7KHWRWDODUHDWDNHQXSIRUVWXG\LVVTNPERXQGHGE\
WKH QRUWK ODWLWXGH R¶ DQG R¶ DQG HDVW ORQJLWXGH R¶
DQGR¶7KHFDQDOFRPPDQGDUHDLVVHUYHGE\ERWKOHIWEDQN
DQG ULJKW EDQN FDQDO V\VWHPV 7KH QHW LUULJDWHG DUHD LQ WKH OHIW
EDQN DQG ULJKW EDQN FDQDOV DUH  KD DQG  KD
UHVSHFWLYHO\
7KH PDMRU FURSV JURZQ LQ WKH DUHD DUH 3DGG\ 6XJDUFDQH
5DJL %DMUD -RZDU 0DL]H 3XOVHV *URXQGQXW &RWWRQ DQG 2LO
6HHGV7KHUHDUHWZRPDMRUFURSJURZLQJVHDVRQVQDPHO\NKDULII
ZKLFK VWDUWV IURP -XO\ DQG HQGV LQ 2FWREHU DQG UDEL IURP
1RYHPEHUWR)HEUXDU\0DUFK
,Q WKH QRQFRPPDQG DUHD WKH NKDULII VHDVRQ GHSHQGV RQ
UDLQIDOODQGPLQRULUULJDWLRQVWUXFWXUHVOLNHWDQNVDQGZHOOVZKLOH
LQ UDEL VHDVRQ LW LV SUHGRPLQDQWO\ ZHOO LUULJDWLRQ ,Q WKH FDQDO
FRPPDQGDUHDLUULJDWLRQZDWHULVJHQHUDOO\JLYHQWKURXJKFDQDOV
E\-XQHHQGRU-XO\ILUVWZHHN
,Q WKH FDQDO FRPPDQG JHQHUDOO\ WKH SURSRVHG FURSSLQJ
SDWWHUQWREHIROORZHGLQWKHHQVXLQJNKDULIIDQGUDELVHDVRQVDUH
QRWLILHG LQ DGYDQFH 7KH FURSSLQJ SDWWHUQ IROORZHG LQ WKH
FRPPDQGDUHDLVNKDULIUDELDQGELVHDVRQDO
*HRORJLFDOO\ WKH DUHD LV XQGHUODLQ E\ URFNV RI $UFKDHDQ
FU\VWDOOLQHV WR UHFHQW DOOXYLXP :KLOH JUDQLWHV JQHLVVHV DQG
VFKVLWV RFFXU LQ SRFNHWV WKH .DODGJL IRUPDWLRQV DUH VHHQ
SUHGRPLQDQWO\LQWKHVRXWKHUQDQGHDVWHUQSDUWVRIWKHVWXG\DUHD
DQG'HFFDQWUDSVLQWKHQRUWKHUQSDUW$OOXYLXPRFFXUVZLWKLQWKH
PDMRU ULYHU DQG VWUHDP FRXUVH 7KH VXE VXUIDFH JHRORJ\ RI WKH
DUHD WKH GLVWULEXWLRQ RI DTXLIHU V\VWHPV DQG WKHLU JHRPHWU\
LQGLFDWHV WKDWJHQHUDOO\ WZRGLVWLQFWDTXLIHU V\VWHPLVSUHVHQW LQ
WKHDUHD
*URXQGZDWHU OHYHO FKDQJHVRFFXUGXH WR VHDVRQDO YDULDWLRQV
LQ UDLQIDOO VHHSDJH IURP FDQDOV DQG UHWXUQ IORZ IURP LUULJDWHG
ILHOGVZKLFKDIIHFWWKHUHFKDUJHDQGGLVFKDUJHFRPSRQHQWVRIWKH
JURXQGZDWHU UHJLPH :DWHU OHYHOV ULVH LPPHGLDWHO\ DIWHU WKH
UHOHDVH RI FDQDO ZDWHU UHPDLQV VWDELOL]HG GXULQJ WKH SHULRG RI
FDQDO RSHUDWLRQV DQG WKHUHDIWHU WKHUH LV D IDOO HVSHFLDOO\ LQ WKH
FDQDO FRPPDQG ,Q WKH PLGGOH UHDFKHV RI WKH FDQDO WKH ZDWHU
OHYHOV UHDFK D SHDN E\ 1RYHPEHU DQG GHFOLQH VWDUWV E\ $SULO





:DWHU ORJJLQJ FRQGLWLRQV RFFXU GXH WR VKDOORZ ZDWHU OHYHO
FRQGLWLRQV ZKLFK LV GXH WR SRRU GUDLQDJH DQG GXH WR H[FHVV
LUULJDWLRQ'XULQJ WKH\HDUFDQDOZDWHUZDVUHOHDVHG LQ















VTNP E\$XJXVW  DQG WR  VTNPV E\1RYHPEHU 
7KLVVXJJHVWVWKHEXLOGXSRIWKHZDWHUOHYHOV
$ QXPHULFDO PRGHO KDV EHHQ GHYHORSHG IRU WKH DUHD XVLQJ
86*6 02')/2: DQG WKH GDWD JHQHUDWHG IURP WKH ILHOG
LQYHVWLJDWLRQV 7KH PRGHO LV FDOLEUDWHG XVLQJ KLVWRULFDO ZDWHU
OHYHO GDWD 7KH K\GURJUDSK RI REVHUYHG ZDWHU OHYHOV DQG
FRPSXWHGZDWHUOHYHOVDUHVKRZQLQILJ7KHFDOLEUDWHGPRGHOLV
XWLOL]HG IRU JHQHUDWLQJ GLIIHUHQW GHYHORSPHQW RSWLRQVVFHQDULRV

































































































































































































&RQMXQFWLYH XVH PHFKDQLVP YLVjYLV WKH ZDWHU GHPDQG
FRPSXWHGIRUYDULRXVFURSSLQJLQWHQVLWLHVIRUWKHWZRFRPPDQGV
KDYH VKRZQ WKDW IRU WKH OHIW EDQN FDQDO FRPPDQG D FURSSLQJ
LQWHQVLW\RIVHHPVWREHIHDVLEOH+LJKHUFURSSLQJLQWHQVLW\




HQYLVDJHV FRQVWUXFWLRQ RI  ERUHZHOOV LQ WKH ERWK FDQDO
FRPPDQGV ZLWK DQ LQYHVWPHQW RI 5V  PLOOLRQ LUULJDWLQJ





























$ E V W U D F W   $ QHZ VXEVXUIDFH IORZ JHQHUDWLRQ FRQFHSW LV GHYHORSHG WR FRSH ZLWK WKH GLIILFXOWLHV RI XQGHUJURXQG K\GUDXOLF
SDUDPHWHULGHQWLILFDWLRQ$VVXPLQJWKDWODUJHLQILOWUDWLRQFRUUHVSRQGVWRLPSRUWDQWJURXQGZDWHUIORZDQGYLFHYHUVDWLPHDQGVSDFH










,Q PRXQWDLQRXV UHJLRQV V\VWHP VWUXFWXUH DQG SURFHVV G\QDPLFV
DUHFKDUDFWHULVHGE\KLJKKHWHURJHQHLW\,QWKLVUHVSHFWRQHRIWKH
PRVW LPSRUWDQW SUREOHPV WR DSSO\ GLVWULEXWHG SK\VLFDOO\ EDVHG
PRGHOV LQ WKHVH HQYLURQPHQWV LV WKH XQGHUJURXQG K\GUDXOLF
SDUDPHWHULGHQWLILFDWLRQ%HYHQ
$OWKRXJK OHVV LV NQRZQ DERXW WKH SDUDPHWHU GLVWULEXWLRQ LQ
VSDFHPXFKSURJUHVV KDV EHHQPDGH FRQFHUQLQJ WKH VXEVXUIDFH
IORZ SURFHVV XQGHUVWDQGLQJ $V GHVFULEHG E\ :KLSNH\ DQG
.LUNE\³WKHGLIIHUHQFHEHWZHHQVDWXUDWHGVXEVXUIDFHVRLO
IORZ DQG JURXQGZDWHU IORZ LV WKDW SHUFRODWLRQ WLPHV K\GUDXOLF
JUDGLHQWVDQGSHUPHDELOLWLHVDOOWHQGWREHORZHUIRUWKHODWWHU,I
WKHUH LV DSSUHFLDEOH JURXQGZDWHU IORZ WKHUHIRUH LW WHQGV WR
EHKDYH PRUH OLNH XQVDWXUDWHG WKDQ VDWXUDWHG WKURXJKIORZ LQ
WHUPVRILWVUHVSRQVHWLPHV´
7KLV LVDQ LPSRUWDQWSLHFHRI LQIRUPDWLRQEHFDXVH LWSHUPLWV
WRUHODWHVXEVXUIDFHIORZDQGLQILOWUDWLRQG\QDPLFV,QWKLVZRUNLW
LV DVVXPHG WKDW ODUJH LQILOWUDWLRQ FRUUHVSRQGV WR DQ LPSRUWDQW
VXEVXUIDFH IORZ DQG YLFH YHUVD 7KH VXEVXUIDFH IORZ UHVSRQVH
WLPHVWRLQILOWUDWLRQDUHTXLWHYDULDEOHGHSHQGLQJRQWKHGHSWKRI
WKH XQVDWXUDWHG ]RQH LWV K\GUDXOLF FRQGXFWLYLW\ DQG WKH DFWXDO
ZDWHUFRQWHQW$OWKRXJKWKH\DUHJHQHUDOO\XQNQRZQLQQDWXUHLQ
WKLV VWXG\ WKH GLIIHUHQW UHVSRQVH WLPHV VKDOO EH UHSURGXFHG
WKURXJK WKH WLPH YDULDEOH SDUDPHWHULVDWLRQ7KLVPHDQV WKDW WKH







7KH VPDOO KHDGZDWHU FDWFKPHQW DUHD RI +|KHQKDQVO  NPð
PHDQDOWLWXGHPDVOLVORFDWHGLQWKHORZPRXQWDLQUHJLRQRI
(DVWHUQ6W\ULD$XVWULD7KHPHDQVORSHLQFOLQDWLRQLVEXWWKH
PD[LPXP YDOXH LV DERXW  *HRORJ\ LV FKDUDFWHUL]HG E\
FU\VWDOOLQH VFKLVWV DQG JQHLVV FRYHUHG E\ D VDQG\ORDP\
ZHDWKHUHG OD\HU*HRSK\VLFDO LQYHVWLJDWLRQV UHYHDOHGGLIIHUHQW
DTXLIHU W\SHV ZHDWKHUHG ]RQH ORRVH ]RQH DQG IUDFWXUHG ]RQH
+DUXPHWDO7KHYHJHWDWLRQLVGRPLQDWHGE\IRUHVWDERXW
 RI WKH WRWDO VXUIDFH ZLWK IHZ SDUWV RI JUDVVODQG DQG OLWWOH
DQWKURSRJHQLFLPSDFW7KLVZDWHUVKHGZDVDK\GURORJLFDOWHVWVLWH
ZLWKLQ WKH IUDPH RI WKH(XURSHDQ SURMHFW$*5($8$/3 $JUL
(QYLURQPHQWDO 0HDVXUHV DQG :DWHU 4XDOLW\ LQ 0RXQWDLQ
&DWFKPHQWVDQGLVHTXLSSHGZLWKDGHQVHK\GURORJLFDOQHWZRUN
PHWHRURORJLFDO VWDWLRQV  VWDWLRQV ZLWK VXFWLRQ FXSV
WHQVLRPHWHUV DQG 7'5SUREHV LQ GLIIHUHQW GHSWKV DQG JDXJLQJ
VWDWLRQVDWWKHFDWKPHQWRXWOHWDQGDWWKHPDLQVSULQJ
,QWHUSUHWDWLRQ RI WKH GDWD FROOHFWHG DW WKH +|KHQKDQVO
O\VLPHWHU VWDWLRQV DQG DW WKHJDXJLQJ VWDWLRQV LQGLFDWHV D KLJKO\
YDULDEOH XQGHUJURXQG IORZ G\QDPLF LQ WLPH DQG LQ YHUWLFDO
GLVWULEXWLRQ 7KH VSULQJ GLVFKDUJH DVVXPHG WR EH UHSUHVHQWDWLYH
IRU WKH ZDWHU UHOHDVH IURP GHHS VWRUHV ORFDWHG LQ WKH ORRVH
PDWHULDODQGLQWKHKDUGURFNGLVSOD\VDJUHDWYDULDELOLW\RYHUWKH
SHULRG EHWZHHQ  ±  'XULQJ KXPLG SKDVH WKH OD\HU
EHWZHHQWKHVRLOVXUIDFHDQGWKHVWRUHVLVVXSSRVHGWREHVDWXUDWHG
DQG FRQVHTXHQWO\ D WKH K\GUDXOLF KHDG ULVHV LQ WKH IUDFWXUHG
DTXLIHU DQG OHDGV WR D QRWDEOH GLVFKDUJH LQFUHDVH DQG E E\
SUHVVXUHZDYHSURSDJDWLRQWKHGLVFKDUJH³LPPHGLDWHO\´UHDFWVWR
HDFK UDLQ HYHQW $V WKH VDWXUDWLRQ GHILFLW DXJPHQWV D WKH
K\GUDXOLF KHDG DQG WKH UHODWHG GLVFKDUJH GHFUHDVH DQG E WKH




ODWHUDO IORZ FRPSRQHQW LQ P GHSWK DW WKH IRUHVW VWDWLRQ LV
GHGXFHGIURPWKHFROOHFWHGGDWD
7KH K\GUDXOLF EHKDYLRU GHVFULEHG DERYH FRPELQHV
XQVDWXUDWHGDQGVDWXUDWHGIORZLQYDULRXVOD\HUV7RQXPHULFDOO\
UHSURGXFH WKLV FRPSOH[ VXEVXUIDFH WKUHH GLPHQVLRQDO IORZ
JHQHUDWLRQ LWZRXOGEHQHFHVVDU\ WRNQRZJHRORJLFDO IRUPDWLRQV
DQGK\GUDXOLFFKDUDFWHULVWLFV+RZHYHUWKLVLVQRWWKHFDVHIRUWKH
+|KHQKDQVOFDWFKPHQWDQGIRUPRVWLIQRWDOORWKHUZDWHUVKHGV





7KHDOWHUQDWLYHGHYHORSHG LQ WKLVSDSHU IRFXVHVRQVDWXUDWHG




LQFUHDVHV E\ UHGXFLQJ WKH FRPSOH[ YHUWLFDO GLVWULEXWLRQ RI
K\GUDXOLFFRQGXFWLYLW\DQGVWRUDWLYLW\SDUDPHWHUV,QWKLVVWXG\LW
LV DVVXPHG WKDW WKH GLPHQVLRQDO YHUWLFDO LQWHJUDWHG SDUDPHWHU
YDOXHV FDQ EH ZHOO HVWLPDWHG ZKHQ GDLO\ ³GHHS SHUFRODWLRQ´
YDOXHV DUH NQRZQ LH WKH ODWHUDO VXEVXUIDFH IORZ EHKDYLRU LV
GLUHFWO\ UHODWHG WR WKH ³GHHS SHUFRODWLRQ´ G\QDPLF $V D UHVXOW
YDOXHV RI DTXLIHU K\GUDXOLF FRQGXFWLYLW\ DQG VWRUDWLYLW\ DUH




$VVXPSWLRQ  7KH WRS XQGHUJURXQG ]RQH KDV D KLJK
K\GUDXOLFFRQGXFWLYLW\DQGDKLJKVWRUDWLYLW\UHODWLYHWRWKHGHHS
VWRUHV K\GUDXOLF FRQGXFWLYLW\ DQG VWRUDWLYLW\ LH WKHPDWHULDO
K\GUDXOLFSURSHUWLHVGLVSOD\DQLPSRUWDQWFRQWUDVWZLWKGHSWKDQG
WKH KLJKHVW YDOXH LV IRXQG DW WKH WRS DTXLIHU WKH ORZHVW DW WKH
EDVLV






DQDO\VHV PDGH DW WKLV VWDWLRQ )XUWKHUPRUH WKLV YDOXH LV NHSW
FRQVWDQWIRUWKHWRWDOFDWFKPHQWDUHDLH WKHFRUUHVSRQGLQJVRLO
KRUL]RQLVDVVXPHGWRFRYHUWKHHQWLUH+|KHQKDQVOFDWFKPHQW,W








WKH VRLO VXUIDFH  DWPRVSKHUH LQWHUIDFH DUH VLPSOLILHG2YHUODQG
IORZDPRXQWVPHDVXUHGGXULQJIRXU\HDUVDWWKHVWDWLRQIRUHVWDUH
NHSW FRQVWDQW LQ VSDFH IRU DOO WKH IRUHVW DUHDV ZKHUHDV IRU
JUDVVODQGDUHDVYDOXHVIURPWKHJUDVVODQGVWDWLRQDUHDSSOLHG7R
FDOFXODWH GDLO\ HYDSRWUDQVSLUDWLRQ DPRXQW D VRLO ZDWHU EXGJHW
VFKHPHLVDSSOLHGXVLQJIRUHDFKODQGXVHVRLOXQLWDVRLOZDWHU
FDSDFLW\HVWLPDWHGRYHUWKHURRWGHSWK$SSO\LQJWKLVPHWKRGRQD
GDLO\ EDVLV LW LV IRXQG WKDW WKH GHHS SHUFRODWLRQ DPRXQW XQGHU
IRUHVW LV QRW VHQVLWLYH WR WKH VRLO FKDUDFWHULVWLFV ZKHUHDV IRU





7KH YHUWLFDO ZDWHU PRYHPHQW EHWZHHQ WKH URRW DQG WKH
WKUHVKROG GHSWK LV VLPXODWHG XVLQJ +\GUXV ' 6LPXQHN HW DO
 6LPXODWLRQV DUH YDOLGDWHG DW WKH VWDWLRQ VFDOH XVLQJ WKH
GDLO\ PHDVXUHG SUHVVXUH KHDG YDOXHV DW  P  P XQGHU
JUDVVODQG DQG RQO\ DW P XQGHU IRUHVW 7KH VLPXODWLRQV DUH
















)LJXUH &DOFXODWHG VWRUDWLYLW\ WLPHVHULHV IRUJUDVVODQGDQG
IRUHVW

7KH UHVXOWV IRU WKH K\GUDXOLF SDUDPHWHUV FDOLEUDWLRQ DUH
REWDLQHG E\ XVLQJ WKH SDUDPHWHUV WLPH VHULHV 7KH FDOLEUDWLRQ
TXDOLW\LVDQDO\VHGHVSHFLDOO\E\FRPSDULVRQEHWZHHQWKHPRGHO
UHVXOWV DQG WKH VSULQJRXWIORZ WKDW LVRQO\JURXQGZDWHUZKHUHDV
WKH FDWFKPHQW GLVFKDUJH HQFRPSDVV DOVR DQ RYHUODQG IORZ SDUW
7KHILQDOUHWDLQHGSDUDPHWHUUDQJHLVHPVWRHPV
IRU WKH K\GUDXOLF FRQGXFWLYLW\ DQG H WR H IRU WKH
VWRUDWLYLW\ 7KH FDOFXODWHG VWRUDWLYLW\ WLPH VHULHV IRU IRUHVW DQG
JUDVVODQG DUH SUHVHQWHG RQ ILJ 7KH GLIIHUHQFHV EHWZHHQ WKH
IRUHVWDQGJUDVVODQGWLPHVVHULHVDUHGXHWRWKHGLIIHUHQFHVLQWKH
GHHSSHUFRODWLRQG\QDPLFXQGHUERWKODQGXVHV\VWHPV,WLVDOVR





RI SRRU TXDOLW\ 7KH KLJK GLVFKDUJH YDOXHV DUH QRW ZHOO
UHSURGXFHGZLWKWKHPHWKRGWHVWHGLQWKLVVWXG\7KLVFRXOGEHD
ELDV LQWURGXFHG E\ WKH RYHUODQG IORZ DQG HYDSRWUDQVSLUDWLRQ
SURFHVVHV HVWLPDWLRQ LH WKH ZDWHU DPRXQW WKDW LV DOORZHG WR
UHDFK WKH WKUHVKROG GHSWK LV XQGHUHVWLPDWHG DQG WKH VLPXODWHG
GLVFKDUJHFDQQRWULVHOLNHLWLVWKHFDVHIRUWKHVSULQJDQGWKHWRWDO
FDWFKPHQW,WLVDOVRWRUHFRJQLVHRQILJWKDWWKHVLPXODWHGIORZ
DPRXQW EHWZHHQ 0DUFK  DQG 6HSWHPEHU  LV WRR KLJK
HVSHFLDOO\E\FRPSDULVRQWRWKHFDWFKPHQWRXWIORZ2QWKHRWKHU
KDQG VLPXODWLRQV IRU WKH ODVW WZR\HDUV DUH RI JRRGTXDOLW\ IRU
ERWKV\VWHPV7KHIHZLPSRUWDQWUHFHVVLRQSDWWHUQVDUHZHOOILWWHG
IRUWKHFDWFKPHQWK\GURJUDSK)XUWKHUPRUHWKHVSULQJGLVFKDUJH




)LJXUH  8QGHUJURXQG ZDWHU IORZ VLPXODWLRQV IRU WKH
+|KHQKDQVO FDWFKPHQW DQG WKH PDLQ VSULQJ XVLQJ WLPH






%HYHQ .  5DLQIDOO ± 5XQRII 0RGHOOLQJ ± 7KH SULPHU -
:LOH\	6RQV/7'
+DUXP7.XSIHUVEHUJHU+ 3ROWQLJ:5HLFKO 35HLQVGRUII 6
5RFN*5XFK&$6WUREO(:LQNOHU*)UXKZLUWK5.0DLHU
$0RUDZHW]55LHJHU56FK|Q-)XFKV.+RIULFKWHU-.OHE
8  Ä(URV³ (UIDVVXQJ YRQ )OLHSUR]HVVHQ ]XU
K\GURJHRORJLVFKHQ %HZHUWXQJ YRQ NOIWLJHQ )HVWJHVWHLQHQ
8QYHU|IIHQWOLFKWHU %HULFKW GHU -RDQQHXP 5HVHDUFK *PE+
*UD]
6LPXQHN-6HMQD0*HQXFKWHQ07KYDQ+<'586'
6LPXODWLQJZDWHUIORZDQGVROXWH WUDQVSRUW LQ WZRGLPHQWLRQDO
YDULDEO\ VDWXUDWHG PHGLD 9HUVLRQ  ,QWHUQDWLRQDO *URXQG
:DWHU 0RGHOLQJ &HQWHU &RORUDGR 6FKRRO RI 0LQHV *ROGHQ
&286$
































































































































































































































































$ E V W U D F W   7KHUROHRIJURXQGZDWHULQVWUHDPIORZJHQHUDWLRQKDVWUDGLWLRQDOO\EHHQDVVXPHGWREHRIPLQRULPSRUWDQFHLQXSODQG
FDWFKPHQWV 7KH 3O\QOLPRQ FDWFKPHQW RI :DOHV LV XQGHUODLQ E\ 2UGRYLFLDQ6LOXULDQ URFNV ZKLFK FRQWDLQ VLJQLILFDQW DPRXQWV RI
JURXQGZDWHUSUHVHQWLQDFRPSOH[IUDFWXUHQHWZRUN)UDFWXULQJLVPRVWLQWHQVHLQWKHVKDOORZV\VWHPGRZQWRFDPZKLOVWGHHSHU
JURXQGZDWHUVRFFXULQGLVFUHWH IUDFWXUHV*URXQGZDWHUVDPSOHVFROOHFWHGIURPVHDOHGERUHKROHVGULOOHGWRVSHFLILFGHSWKVVKRZWKDW
WKHUH LV D VWURQJ FKHPLFDO VWUDWLILFDWLRQ VKDOORZ JURXQGZDWHUV GRZQ WR P DUH DFLGLF S+ FD  DQG R[LGLVLQJZKLOVW GHHSHU
JURXQGZDWHUVDUHDONDOLQHS+DQGUHGXFLQJ&)&GDWDLQGLFDWHVLJQLILFDQWLQFUHDVHVLQDJHZLWKGHSWK6HDVRQDOYDULDWLRQVLQ
VWDEOH LVRWRSHVDUH LQFRQVLVWHQWZLWK&)&DJHEXWFDQEH UHFRQFLOHGE\SRVWXODWLQJPL[LQJRIROGHUGHHSHUJURXQGZDWHUZLWKPRUH









VKDOHV PXGVWRQHV DQG JUH\ZDFNHV RI 2UGRYLFLDQ6LOXULDQ DJH
7KHEHGURFNLQWKHFDWFKPHQWZDVWUDGLWLRQDOO\FRQVLGHUHGWREH
LPSHUPHDEOH DQG WKH UROH RI JURXQGZDWHU LQ VWUHDPIORZ
JHQHUDWLRQZDV WKHUHIRUH FRQVLGHUHG WR EH QHJOLJLEOH0XFKRI
WKHFDWFKPHQW LV IRUHVWHGDQGFRYHUHGZLWK WKLQDFLGLF VRLO7KH
K\GURORJLFDO UHVSRQVH RI WKH VWUHDPV LV W\SLFDO RI XSODQG




























)LJXUH  /RFDWLRQ RI WKH 3O\QOLPRQ FDWFKPHQW LQ :DOHV
'HWDLOHGVWXG\VLWHFORVHWR/6RQPDS







H[WHQGLQJ GRZQ WR DW OHDVW  P DV D FRQVHTXHQFH RI LQWHQVH
ZHDWKHULQJ SUREDEO\ UHODWHG WRSHULJODFLDWLRQ IROORZLQJ WKH ODVW
LFHDJH'HHSHUJURXQGZDWHUVDUHSUHVHQWGRZQWRDW OHDVWP







ULSDULDQ ]RQH RI WKH ULYHU +DIUHQ FRPSULVLQJ  ERUHKROHV
GULOOHG DQG VHDOHG WR GLIIHUHQW GHSWKV P WRP DQG VRLO
VWDWLRQVLQRUGHUWRVWXG\WHPSRUDOWUHQGVLQVXEVXUIDFHIORZDQG
FKHPLVWU\7KHDLPRIWKLVVWXG\ZDVWRPRQLWRUSK\VLFDO+DULD













7KHUH LV D VLJQLILFDQW DPRXQW RI VSDWLDO YDULDWLRQ LQ WKH
K\GURFKHPLVWU\RIVWUHDPVVRLOVDQGJURXQGZDWHU$OWKRXJKWKH
6(& YDULHV OLWWOH DORQJ WKH OHQJWK RI WKH +DIUHQ VWUHDP





IURP DFLGLF R[LGLVLQJ JURXQGZDWHUV LQ WKH VKDOORZHU   P
IUDFWXUHGV\VWHPWRDONDOLQHUHGXFLQJJURXQGZDWHUVLQIUDFWXUHVDW
   P GHSWK )LJ 7KH GHHSHU JURXQGZDWHUV DUH RI 1D
+&2 W\SH DQG D VWURQJ VPHOO RI +6 ZDV REVHUYHG GXULQJ
SXPSLQJ















 \HDUV IRU WKH GHHS ERUHKROHV 7KH GDWD IRU WKH VKDOORZ
V\VWHPLVLQFRQVLVWHQWZLWKWKHVHDVRQDOVWDEOHLVRWRSHYDULDWLRQV
DQG VKRZ WKDW D FRPSRQHQW FD   RI ROGHU GHHSHU
JURXQGZDWHULVGLVFKDUJLQJLQWRWKHVKDOORZIUDFWXUHV
,QWHQVLYH VDPSOLQJ RI WKH+DIUHQ VWUHDP VRLOV JURXQGZDWHU
DQGUDLQIDOOZDVFRPSOHWHGGXULQJDVWRUPHYHQWLQ-DQXDU\









6WDEOH LVRWRSHPHDVXUHPHQWV G+GXULQJ WKHHYHQWVKRZHG
WKDWSHDNIORZLQWKHVWUHDPLVGRPLQDWHGE\SUHHYHQWZDWHUZLWK
WKHGLUHFWLRQRIFKDQJHEHLQJRSSRVLWH WRWKDW LQWKHUDLQIDOODQG
WRZDUGV WKH VKDOORZ JURXQGZDWHU 2QO\ GXULQJ WKH WDLO RI WKH
UHFHVVLRQZDVWKHUHDVPDOOLQFUHDVHWRZDUGVUDLQIDOO
7KH FRQFHQWUDWLRQV RI $O LQ WKH VWUHDP UHVSRQGHG UDSLGO\
SDUWLFXODUO\ GXULQJ WKH ULVLQJ OLPE RI WKH VWUHDP K\GURJUDSK
ZKLOVW WKHUHZDV DPXFKPRUH VXEGXHG LQFUHDVH LQ WKH VKDOORZ
JURXQGZDWHU)LJ6LJQLILFDQWGLVFKDUJHRIZDWHUWRWKHVWUHDP
ZDVVHHQDORQJWKHULYHUEDQNVGXULQJWKHHYHQWZKLFKFRQWDLQHG
VLPLODU $O FRQFHQWUDWLRQV  JO WR WKH VWUHDP GXULQJ SHDN
IORZ 6XFK GLVFKDUJH WR WKH VWUHDPZDV FRQVLGHUHG WR UHSUHVHQW
VRLO ZDWHU +RZHYHU WKH GHHSHU VRLO SLH]RPHWHUV DERYH WKH
VWUHDP ZHUH JHQHUDOO\ GU\ DQG FRXOG QRW EH VDPSOHG DQG
FRQFHQWUDWLRQVRI$OLQWKHVKDOORZVRLOVUHPDLQHGUHODWLYHO\ORZ
LQ WKH IHZ FDVHV ZKHUH WKH\ FRQWDLQHG IUHH ZDWHU )LJ ,Q
DGGLWLRQ WKH FKHPLVWU\ RI WKHVH GLVFKDUJH ZDWHUV LV DOPRVW
LGHQWLFDOWRWKDWRIWKHVKDOORZJURXQGZDWHUVZLWKWKHH[FHSWLRQ
RI$ODQG'2&7KHUHIRUH LW VHHPV OLNHO\ WKDW WKHVHGLVFKDUJHV
UHSUHVHQW XSZHOOLQJ JURXQGZDWHU ZKLFK SLFN XS VRLOGHULYHG
VROXWHV DV WKH\PRYH WKURXJK %& KRUL]RQ VRLOV LQ WKH ULSDULDQ
]RQH RI WKH ULYHU 7KLV VFHQDULR LV FRQVLVWHQW ZLWK UDGLRJHQLF
LVRWRSHGDWDZKLFKFRXOGRQO\EHH[SODLQHGE\WKHVWUHDPZDWHU
UHSUHVHQWLQJDPL[WXUHRIUDLQIDOODQGJURXQGZDWHU6KDQGHWDO
 DQG DOVR VXSSRUWHG E\ K\GURJHRORJLFDO GDWD IURP WKH
ERUHKROHV +DULD DQG 6KDQG  ZKLFK LQGLFDWH GLVFKDUJH RI
JURXQGZDWHULQWRWKHORZHUVRLOKRUL]RQVDQGLQWKHULSDULDQ]RQH
7KHFRPELQDWLRQRIFKHPLFDODQGSK\VLFDOGDWDLVKHOSLQJWR
HOXFLGDWH WKH WUDQVSRUW PHFKDQLVPV RI UDLQIDOO WKURXJK XSODQG
FDWFKPHQWVDQGWKHGDWDDUHSRLQWLQJWRZDUGVDGRPLQDQWUROHIRU
UDSLG WUDQVSRUW WKURXJK WKH XSSHU EHGURFN 7KH KLJK VHFRQGDU\
SHUPHDELOLW\ RI VXFK IUDFWXUHG URFNV LQ FRQWUDVW WR SUHYLRXVO\
KHOG YLHZV WKDW WKHVH UHSUHVHQW LPSHUPHDEOH VHDOHG FDWFKPHQWV
KHOSVWRH[SODLQSUHYLRXVLQFRQVLVWHQFLHVERWKEHWZHHQSK\VLFDO





+DULD$ 6KDQG3 5LSDULDQ JURXQGZDWHU SURFHVVHV LQ DQ
XSODQG IUDFWXUHG DTXLIHU PLG:DOHV ,PSOLFDWLRQV IRU VWUHDP
IORZJHQHUDWLRQDQGZDWHUTXDOLW\7KLVYROXPH
1HDO&5REVRQ$-6KDQG3(GPXQGV:0'L[RQ$-%XFNOH\
'. +LOO 6 +DUURZ 0 1HDO 0 :LONLQVRQ - 5H\QROGV %
7KHRFFXUUHQFHRIJURXQGZDWHULQWKH/RZHU3DODHR]RLF
URFNV RI XSODQG &HQWUDO:DOHV +\GURORJ\ DQG (DUWK 6\VWHP
6FLHQFHV
6KDQG3'DUE\VKLUH'3)*RRGG\'&(GPXQGV:01HDO&
 6U6U DV DQ LQGLFDWRU RI IORZSDWKV DQG ZHDWKHULQJ
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VHYHUDO HDUOLHU RURJHQLHV LWV WHFWRQLF GHYHORSPHQW FXOPLQDWHG
GXULQJ WKH /DWH 3DOHR]RLF ,W FRQVLVWV RI ODUJH H[WHQVLYH
PHWDPRUSKLF XQLWV LQ GLIIHUHQWPHWDPRUSKLF VWDJHV DQG SLHUFHG
E\JUDQLWRLGSOXWRQV
,QFHQWUDODQGZHVWHUQ%RKHPLD WKHPHWDPRUSKLFXQLWV WXUQ
WR QRQPHWDPRUSKRVHG VWUDWD RI WKH 3URWHUR]RLF DQG /RZHU




SKDVHVRI WHFWRQLF DFWLYLW\ WKH9DULVFDQPHWDPRUSKLVP IROGLQJ
DQG IUDFWXULQJ DQG WKH 7HUWLDU\ IUDFWXULQJ DQG ILVVXUDWLRQ
DFFRPSDQ\LQJ WKH $OSLQR&DUSDWKLDQ RURJHQ\ RI WKH ZKROH
FRQVROLGDWHGEORFN7KHZKROHUHJLRQKDVEHHQXSOLIWHGVLQFHWKH
7HUWLDU\ 7KH FRPSOH[ WHFWRQLF GHYHORSPHQW KDV FDXVHG D
YDULHJDWHG V\VWHP RI ILVVXUDWLRQ0RUHRYHU WKH SHUPHDELOLW\ RI
WKHILVVXUHG]RQHLVDIIHFWHGE\WKHFRYHURIZHDWKHULQJSURGXFWV
DW WKH VXUIDFH $IWHU WKH 9DULVFDQ RURJHQ\ WKH VXUIDFH RI WKH
IROGHG DQG ILVVXUHG FU\VWDOOLQH URFNV ZDV H[SRVHG WR D ORQJ
SHULRGRIGHQXGDWLRQZHDWKHULQJDQGSHQHSOHQLVDWLRQ7KLVZDV
LQWHUUXSWHG E\ WKH7HUWLDU\ SKDVH RI IDXOW WHFWRQLFVZKLFK JDYH
RULJLQ WR V\VWHPDWLFDOO\ DUUDQJHG WHFWRQLF ]RQHV ,W FDXVHG WKH
XSOLIW RI ODUJH UHJLRQDO EORFNV FKDQJHG WKHPRUSKRORJ\ RI WKH
VXUIDFH FKDQJHG WKH K\GUDXOLF JUDGLHQWV RI VWUHDPV DQG
JURXQGZDWHUDQGFDXVHGGHHSHURVLRQRIVWUHDPVEHORZWKHOHYHO
RIWKHROGVXUIDFH$FFRUGLQJWRWKHSHWURORJLFDOFKDUDFWHURI WKH
EHGURFN WKH ZHDWKHULQJ SURGXFWV DUH HLWKHU DUHQDFHRXV DQG









LQ WKH FU\VWDOOLQH UHJLRQV RI WKH%RKHPLDQ0DVVLI 7R HVWDEOLVK
WKH JURXQGZDWHU UHVLGHQFH WLPH UDGLRFDUERQ GDWLQJ ZDV XVHG
/LEE\ZKLFKZDVDGDSWHGE\0QQLFK  IRUGDWLQJ
RI JURXQGZDWHU5DGLRFDUERQGDWLQJZDV FRPELQHGZLWK WULWLXP
DQGVWDEOHLVRWRSHDQDO\VHVRIOLJKWHOHPHQWV7KLVDSSURDFKZDV
IRXQG DGHTXDWH LQ WKH K\GURJHRORJLFDO FRQGLWLRQV RI WKH IRUPHU
&]HFKRVORYDNLD âLODU  7KH UHJLRQDO LQYHVWLJDWLRQ ZDV
IRFXVHG SDUWO\ WR WKH0ROGDQXELDQ UHJLRQ LQ VRXWKHUQ%RKHPLD
IRUPHGE\FU\VWDOOLQHVFKLVWVSLHUFHGE\JUDQLWRLGSOXWRQVSDUWO\
WR WKH WHFWRQLF ]RQHV DFFRPSDQ\LQJ WKH 7HUWLDU\ IDXOWV LQ WKH
SHWURJUDSKLFDOO\ YDULHJDWHG FU\VWDOOLQH ]RQHV LQ QRUWKHUQ
%RKHPLD DQG 0RUDYLD ZLWK GHHSUHDFKLQJ WKHUPDO ZDWHU
FLUFXODWLRQ 1HLWKHU WKH WKHUPDO VSULQJV FRQWDLQLQJ PDJPDWLF
FDUERQGLR[LGHZKLFKSUHYHQWVWKHXVHRIUDGLRFDUERQGDWLQJQRU
WKH ZDUP VSULQJV RI WKH GHHS VHGLPHQWDU\ EDVLQV RI WKH
VHGLPHQWDU\SODWIRUPXQLWVZHUHLQFOXGHGLQWRWKHFRQFOXVLRQV
(9$/8$7,212)5(68/76
7R FRPSDUH WKH JURXQGZDWHU UHVLGHQFH WLPHV LQ YDULRXV
JHRORJLFDO VWUXFWXUHV WKH JURXQGZDWHU UDGLRFDUERQ DJHV ZHUH
FDOFXODWHGXQLIRUPO\FRQVLGHULQJLWVLQLWLDODFWLYLW\SHUFHQWRI
PRGHUQ FDUERQ SPF DVGHWHUPLQHGHPSLULFDOO\ 9RJHO
0QQLFK DQG9RJHO  *H\K  9HUKDJHQ HW DO
 ,Q FU\VWDOOLQH URFNV DQG LQ URFNV ZLWK D ORZ DPRXQW RI
FDOFLXP FDUERQDWHV LQ WKHLU ZHDWKHULQJ SURGXFWV WKH LQLWLDO &
DFWLYLW\ RI JURXQGZDWHU DQG WKH UHVXOWLQJ & DJHV FDQ EH
DVVXPHGKLJKHU,QLWLDODFWLYLWLHVRIDQGSPFZRXOGUHVXOW
LQ DJHV KLJKHU E\ DERXW  DQG  \HDUV UHVSHFWLYHO\ 7KLV
HPSLULFDODSSURDFKFDQQRWEHXVHG LI WKH UDGLRFDUERQEDODQFH LV
LQIOXHQFHG E\ FDUERQ GLR[LGH RI PDJPDWLF RULJLQ 6XFK FDVHV




)RU FRQILQHG DTXLIHUV WKH SLVWRQ IORZ PRGHO KDV EHHQ
FRQVLGHUHG LQ ZKLFK WKH UDGLRFDUERQ DJH FRUUHVSRQGV WR WKH
JURXQGZDWHU UHVLGHQFH WLPH )RU XQFRQILQHG DTXLIHUV WKH
UDGLRFDUERQ DJH RI JURXQGZDWHU FDQ EH FRQVLGHUHG HTXDO WR LWV
PHDQZHLJKWHG UHVLGHQFH WLPH IRU & DJHV XS WR  WR 
\HDUV HJ *H\K  6LQFH KLJKHU UDGLRFDUERQ JURXQGZDWHU
DJHVGRQRWRFFXULQWKHXQFRQILQHGDTXLIHUVWKLVDVVXPSWLRQFDQ
EHDFFHSWHGZLWKRXWDFRQVLGHUDEOHHUURU
7R FRPSDUH WKH UHVXOWV WKH LOOXVWUDWLRQ E\ PHDQV RI
KLVWRJUDPV ZDV XVHG âLODU DQG âLODU  ZKLFK PDNHV LW
SRVVLEOH WR FRPSDUH GDWD RI D ODUJHU DUHD DQG VXSSUHVV ORFDO
LQIOXHQFHVLQLQGLYLGXDOK\GURJHRORJLFDOVWUXFWXUHV
7KHUHVXOWVDQGKLVWRJUDPVZHUHGLYLGHGLQWRWKUHHVHWV
 +LVWRJUDP RI & DJHV RI JURXQGZDWHU IURP  VSULQJV
ZLWKLQ WKH0ROGDQXELDQUHJLRQ ,W LVREYLRXV WKDWDSDUWRI WKUHH
VSULQJV DOPRVW DOO VDPSOHV GLVSOD\ D PRGHUQ & DJH WKXV
LQGLFDWLQJDVKDOORZJURXQGZDWHUFLUFXODWLRQ
+LVWRJUDPVRI & DJHVRI JURXQGZDWHU IURPERUHKROHV
RIDQLQWHUPHGLDWHGHSWKEHWZHHQPDQGPGHHSDQGRQH
ERUHKROH  P GHHS DOO RI WKHP DW WKH EXLOGLQJ VLWH RI WKH
QXFOHDU SRZHU SODQW DW 7HPHOtQ$OO RI WKHPGLVSOD\ D UHDO LH
QRW PRGHUQ & JURXQGZDWHU DJH 7KH VDPSOHV GR QRW FRQWDLQ
WULWLXP 6RPH RI WKH ERUHKROHV KDYH DQ DUWHVLDQ RXWIORZ IURP
EHORZ D OD\HU RI FOD\H\ ZHDWKHUHG DQG GLVLQWHJUDWHG FRUGLHULWH
JQHLVV
 +LVWRJUDP RI & DJHV RI JURXQGZDWHU RI IRXU WKHUPDO









$QHZ LQVLJKW LQWR WKH UROHRIK\GURJHRORJLFDOSURSHUWLHVRI WKH
FU\VWDOOLQH URFN HQYLURQPHQW KDV EHHQ JDLQHG E\ FRPSLOLQJ
LVRWRSH GDWD JDWKHUHGZLWKLQ WKH%RKHPLDQ0DVVLI E\PHDQVRI
LVRWRSH JURXQGZDWHU GDWLQJ ,W LQGLFDWHV WKDW VORZHU DQG GHHSHU
JURXQGZDWHU FLUFXODWLRQ H[LVWV LQ WKH ILVVXUHG ]RQH EHORZ D
VKDOORZHU ]RQH RI OHVV SHUPHDEOHZHDWKHUHG URFNV7KH ILVVXUHV
RIWKHZHDWKHUHG]RQHDWLWVERWWRPVHHPWREHFORJJHGZLWKWKH
FOD\H\ZHDWKHULQJ SURGXFWVZKLFK VHSDUDWH WKH XSSHU DTXLIHU LQ
HOXYLD IURP WKH ORZHU ILVVXUHG ]RQH EHORZ 7KH ZDWHU LQ WKH
ILVVXUHG URFNV LV VRPHWLPHV FRQILQHG WKH XSSHU DTXLIHU LQ WKH






, WKDQN WR0UV -DURVODYD0HONRYi DQG0U 3DYHO -tOHN IRU
SHUIRUPLQJ WKH UDGLRFDUERQ PHDVXUHPHQWV DQG WR 0U -DURPtU
âDQWUĤþHNIRUFROOHFWLQJVRPHRIWKHVDPSOHVLQWKH0ROGDQXELDQ





 6SULQJV %RUHKROHV 7KHUPDO
ZDWHUV
1XPEHURIVDPSOHV   
1XPEHURIUHFHQWVDPSOHV   
$YHUDJHDJH   







*H\K 0$  %DVLF VWXGLHV LQ K\GURORJ\ DQG & DQG +
PHDVXUHPHQHWV 3URF ,QW *HRO &RQJU WK 6HVV 6HFW
+\GURJHRORJ\0RQWUHD
/LEE\:) 5DGLRFDUERQGDWLQJ  QG HGWK LPS 
7KH8QLYHUVLW\RI&KLFDJR3UHVV&KLFDJR/RQGRQ
0QQLFK .2  0HVVXQJHQ GHV &*HKDOWHV YRQ KDUWHP
*UXQGZDVVHU1DWXUZLVVHQVFKDIWHQ6SULQJHU9HUODJ
%HUOLQ*|WWLQJHQ+HLGHOEHUJ
0QQLFK .2 9RJHO -&  &$OWHUVEHVWLPPXQJ YRQ
6VVZDVVHU.DONDEODJHUXQJHQ1DWXUZLVVHQVFKDIWHQ

âLODU -  5DGLRFDUERQ JURXQGZDWHU GDWLQJ LQ
&]HFKRVORYDNLD  ILUVW UHVXOWV 9ČVWQtN ÒVWĜHGQtKR ~VWDYX
JHRORJLFNpKR
âLODU - âLODU -  8VLQJ HQYLURQPHQWDO LVRWRSHV IRU
JURXQGZDWHU IORZ DQDO\VLV LQ EDVLQDO VWUXFWXUHV 3URFHHGLQJV
$SSOLFDWLRQRI7UDFHUVLQ$ULG=RQH+\GURORJ\,Q$GDU(0
/HLEXQGJXW & HGV ,$+6 3XEOLFDWLRQ 
:DOOLQJIRUG8.
9HUKDJHQ %7 *H\K 0$ )U|KOLFK . :LUWK .  ,VRWRSH
K\GURORJLFDO PHWKRGV IRU WKH TXDQWLWDWLYH HYDOXDWLRQ RI
JURXQGZDWHU UHVRXUFHV LQ DULG DQG VHPLDULG DUHDV 5HVHDUFK
UHSRUWV )HGHUDO 0LQLVWU\ IRU (FRQRPLF &RRSHUDWLRQ
%RQQ
9RJHO -&  ,QYHVWLJDWLRQ RI JURXQGZDUWHU IORZ ZLWK
UDGLRFDUERQ,Q,VRWRSHVLQ+\GURORJ\,$($9LHQQD

















$ E V W U D F W   ,Q,QGLDKDUGURFNVRFFXS\DERXWUGRIWKHWRWDOVXUIDFHDUHDRIWKHFRXQWU\6WHHSLQFUHDVHLQSRSXODWLRQZKLFK
FURVVHGRQHELOOLRQPDUN LQ WKHEHJLQQLQJRI WKLVFHQWXU\KDVSXWDJUHDWHUVWUHVVRQ WKHDYDLODELOLW\RIZDWHU7KHUHIRUHD UHDOLVWLF








FDQ EH EURDGO\ FODVVLILHG LQWR WKH IROORZLQJ IRXU W\SHV 6LQJKDO
DQG*XSWD
 ,JQHRXV DQG PHWDPRUSKLF URFNV H[FOXGLQJ YROFDQLF DQG
PHWDVHGLPHQWDU\URFNV LQ WKH3UHFDPEULDQVKLHOGDQGPRELOH
EHOWV WKHVH URFNV FRYHU DQ DUHD RI URXJKO\  NP
H[WHQGLQJIURP.DQ\DNXPDULLQWKHVRXWKWR'HOKLLQWKHQRUWK
RYHU D GLVWDQFH RI DERXW  NP DQG HQFRPSDVVLQJ WKH
JUHDWHUSDUWRI3HQLQVXODU,QGLD
9ROFDQLF URFNV7KHVH DUHPDLQO\ UHSUHVHQWHGE\ WKH'HFFDQ
7UDSV RI &UHWDFHRXV 3DOHRFHQH DJH RFFXS\LQJ DQ DUHD RI
DERXWNPLQFHQWUDODQGZHVWHUQSDUWVRI,QGLD7KH
'HFFDQ 7UDSV DUH RI EDVDOWLF FRPSRVLWLRQ DQG FRQVLVW RI D
QXPEHURIIORZXQLWV7KHLUPD[LPXPWKLFNQHVVLVDERXWNP
DORQJ WKH ZHVWHUQ FRDVW 7KH WKLFNQHVV GHFUHDVHV IURP WKH




FDUERQDWH URFNV FRYHULQJ DQ DUHD RI DERXW  NP LQ
$QGKUD 3UDGHVK .DUQDWDND 5DMDVWKDQ 0DGK\D 3UDGHVK
8WWDU3UDGHVK%LKDU8WWUDQFKDO&KDWWLVJDUKDQG-KDUNKDQG








7KH *RYHUQPHQW RI ,QGLD RYHU WKH SDVW  \HDUV FRQVWLWXWHG
VHYHUDO FRPPLWWHHV WR DVVHVV WKH JURXQGZDWHU UHVRXUFHV RI WKH
FRXQWU\ +RZHYHU GXH WR WKH SDXFLW\ RI UHTXLUHG GDWD DQG
LQFRPSOHWH XQGHUVWDQGLQJ RI WKH YDULRXV K\GURJHRORJLFDO
SDUDPHWHUVWKHHVWLPDWHVDUHRQO\WHQWDWLYHDQGDSSUR[LPDWH7KH
*URXQG :DWHU (VWLPDWLRQ &RPPLWWHH RI WKH &HQWUDO *URXQG
:DWHU%RDUG &*:%KDV UHYLHZHG WKH H[LVWLQJPHWKRGRORJLHV
&*:%  .HHSLQJ LQ YLHZ WKH LPSRUWDQFH RI KDUG URFN




2QH RI WKH DSSURDFKHV LQ WKH HVWLPDWLRQ RI WRWDO UHFKDUJH LV WR




WKH LQIORZ DQG RXWIORZ DV ZHOO DV SURSHU GHOLQHDWLRQ RI WKH
DTXLIHUHVWLPDWLRQRIVSHFLILF\LHOGDQGJURXQGZDWHUGUDIWIURP




7KH HTXDWLRQ FDQ EH XVHG IRU WKH \HDU DV D ZKROH RU IRU
GLIIHUHQWVHDVRQVLQWKH\HDUVHSDUDWHO\,Q,QGLDLWLVSUHIHUUHGWR
SUHSDUHWKHJURXQGZDWHUEDODQFHVHSDUDWHO\IRUWKHPRQVRRQDQG





7KH FRPPRQ SUDFWLFH LQ ,QGLD KDV EHHQ WR DVVHVV WKH JURXQG
ZDWHUUHFKDUJHIRUDQDGPLQLVWUDWLYHXQLWQDPHO\DEORFNFDOOHG
ORFDOO\DVWDOXTD$OWKRXJKVXFKDQDSSURDFKLVFRQYHQLHQWIURP
GHYHORSPHQW SRLQW RI YLHZ EXW LW GRHV QRW UHSUHVHQW D QDWXUDO
K\GURJHRORJLFDOXQLW$VDQDOWHUQDWLYHVRPHVWDWHVKDYHDGRSWHG
ZDWHUVKHGDV WKHXQLW IRUJURXQGZDWHUDVVHVVPHQW ,QKDUGURFN
DUHDVZDWHUEDODQFH VWXGLHV WDNLQJZDWHU VKHGDVDXQLWPD\EH
PRUH DSSURSULDWH$ZDWHUVKHGPD\ IXUWKHU EH VXEGLYLGHG LQWR








HVSHFLDOO\ LQ KDUG URFN IRUPDWLRQV GXH WR WKHLU KHWHURJHQHLW\
FRPSOH[LW\RIIORZV\VWHPLQFOXGLQJWKURXJKIORZVLQIUDFWXUHV
7KHUHFKDUJHWDNHVSODFHPDLQO\E\WZRSURFHVVHVLHGLUHFW
UHJLRQDO UHFKDUJH E\ LQILOWUDWLRQ RYHU ZLGH DUHDV DQG UHFKDUJH
DORQJZDWHUFRXUVHVDQGIURPODNHVHWF7KHGLUHFWUHFKDUJHIURP
UDLQIDOOLVPRUHVLJQLILFDQWLQDUHDVRIKLJKUDLQIDOOZKLOHLQDUHDV
ZLWK ORZ UDLQIDOO WKH VHFRQG PHFKDQLVP LV PRUH HIIHFWLYH
6WXGLHVLQDULGDQGVHPLDULGWHUUDLQVRI$IULFDLQGLFDWHWKDWZKHUH
UDLQIDOO LV OHVV WKDQPP UHFKDUJH IURPGLUHFW LQILOWUDWLRQ LV
VPDOO RU QHJOLJLEOH 7KHUHIRUH JURXQG ZDWHU GHYHORSPHQW LV
PDLQO\UHVWULFWHGIURPULYHUDOOXYLXPRUUHJROLWKLQPDQ\SDUWVRI
VRXWKHUQ$IULFD
7KH UDWLR RI UHFKDUJH WR UDLQIDOO LQ KDUG URFNV LV XVXDOO\
EHWZHHQWRGHSHQGLQJRQWRSRJUDSK\K\GURJHRORJ\DQG
UDLQIDOOFKDUDFWHULVWLFV,QWKHFU\VWDOOLQHURFNWHUUDLQVRI6DKDUDLQ
:HVWHUQ $IULFDQ 6KLHOG ZKLFK KDV VHPLDULG FOLPDWH UDLQIDOO
DERXW PP SHU \HDU WKH UHFKDUJH LV  WR  RI UDLQIDOO
/OR\G7KHDYHUDJHDQQXDOUDLQIDOOLQ,QGLDLVDERXW
PP+RZHYHULWVGLVWULEXWLRQLVJUHDWO\XQHYHQERWKLQVSDFHDQG







7KLV PHWKRG LV EDVHG RQ ZDWHU OHYHO IOXFWXDWLRQV EHWZHHQ SUH
PRQVRRQDQGSRVWPRQVRRQSHULRGVDQGWKHVSHFLILF\LHOGRIWKH
]RQHRIWKHZDWHUOHYHOIOXFWXDWLRQ,WLVFRPSDUDWLYHO\DVLPSOHU











6WXGLHV LQ WKH KDUG URFN WHUUDLQV FRYHUHGZLWK EODFN FRWWRQ





HIIOXHQW VHHSDJH WR VXUIDFH GUDLQDJH V\VWHP7KLV DOVR GRHV QRW
LQFOXGH RWKHU VRXUFHV RI UHFKDUJH VXFK DV UHWXUQ IORZ IURP






PDLQO\ E\ DQQXDO SUHFLSLWDWLRQ UHODWLYH UHOLHI DQG
K\GURJHRORJLFDOFRQGLWLRQV,QWKHEDVHPHQWURFNVRI0DODZLDQG
=LPEDEZHEDVHIORZFRQWULEXWLRQVWRVWUHDPIORZH[SUHVVHGDVD
IUDFWLRQ RI UDLQIDOO UDQJH IURP ]HUR WR  )DUTXKDUVRQ DQG












&*:%  *URXQG :DWHU 5HVRXUFHV (VWLPDWLRQ
0HWKRGRORJ\ 5HSRUW RI WKH *URXQG :DWHU 5HVRXUFHV
(VWLPDWLRQ&RPPLWWHH0LQLVWU\ RI:DWHU5HVRXUFHV*RYW RI
,QGLD
)DUTXKDUVRQ )$. %XOORFN $  7KH K\GURJHRORJ\ RI
EDVHPHQWFRPSOH[UHJLRQRI$IULFDZLWKSDUWLFXODUUHIHUHQFHWR
VRXWKHUQ $IULFD ,Q :ULJKW (3 %XUJHVV :* HGV 7KH
+\GURJHRORJ\ RI &U\VWDOOLQH %DVHPHQW $TXLIHUV LQ $IULFD
*HRO6RF/RQGRQ6SHFLDO3XEO


























$ E V W U D F W   5HVXOWV RI IRXU\HDU ILHOG PHDVXUHPHQWV RQ JURXQGZDWHU UHFKDUJH DQG GLVFKDUJH LQ FU\VWDOOLQH IRUPDWLRQ LQ WKH
ĝQLHĪQLNPDVVLI 6XGHWHV 6:3RODQGDUHSUHVHQWHG7KHH[SHULPHQWDO ILHOG VWDWLRQZDVHTXLSSHGZLWKD O\VLPHWHU UHFRUGLQJ WKH
LQILOWUDWLRQ UDWH DQ HOHFWURQLF K\GURJUDSK FROOHFWLQJ GDWD RQ JURXQGZDWHU IORZ IURP DQ DEDQGRQHG PLQH DGLW DQG UHIHUV WR DQ









'LUHFW DQG GHWDLOHGPHDVXUHPHQWV RQ JURXQGZDWHU UHFKDUJH DQG
GLVFKDUJHLQUHODWLRQWRWKHSRVVLEOHFRQWUROOLQJSKHQRPHQDZHUH
FRQGXFWHG XQGHU QDWXUDO FRQGLWLRQV RI WKH H[SHULPHQWDO
.DPLHQLFD 5LYHU FDWFKPHQW  LQ WKH ĝQLHĪQLN PDVVLI :HVWHUQ
6XGHWHV6:3RODQG7KHDUHD LVXQGHUODLQE\FU\VWDOOLQHURFNV
RI WKH/ąGHNĝQLHĪQLNPHWDPRUSKLF IRUPDWLRQEHLQJRQHRI WKH
PDLQFRPSRQHQWVRIWKH2UOLFDĝQLHĪQLNGRPH'RQHWDO
7ZR PDLQ OLWKRORJLFDOO\ GLIIHUHQW URFN JURXSV KDYH EHHQ
GLVWLQJXLVKHG KHUH WKDW RI VFKLVW DQG JQHLVV DVVRFLDWHG ZLWK
TXDUW]LWHDQGWKDWRIFU\VWDOOLQHOLPHVWRQHHUODQDQGDPSKLEROLWH
,QJHQHUDOWKHVHDUHFD0DRUWKRJQHLVVHVHPSODFHGLQWRWKHLU
1HRSURWHUR]RLF VWDXUROLWHJUDGH HQYHORSH PHWDPRUSKRVHG DQG
LQWHQVHO\ GHIRUPHG XQGHU DPSKLEROLWH IDFLHV FRQGLWLRQV GXULQJ
&DUERQLIHURXVWLPHVHJ7XUQLDNHWDO
7KHDQQXDODWPRVSKHULFSUHFLSLWDWLRQLQWKHFDWFKPHQWDUHDLV
KLJKDQGUDQJHV IURP WRPPIRU WKHSHULRGRI
\HDU 7KH VWXG\ DUHD LV ORFDWHG LQ D PRXQWDLQRXV FOLPDWLF
SURYLQFHZLWK DQ DYHUDJH DLU WHPSHUDWXUH RI  R& 7KLV DUHD






7KH LQILOWUDWLRQ UDWH KDVEHHQ HYDOXDWHGEDVHGRQ O\VLPHWHUGDWD
WRJHWKHU ZLWK DQDO\VLV RI GDLO\ YDOXHV RI SUHFLSLWDWLRQ DQG DLU





IOXFWXDWLRQ GDWD FRPLQJ IURP D VXSSO\LQJ ZHOO :23 DQG DQ






7KH O\VLPHWHU GDWD FRQFHUQLQJ WKH SHULRG RI  VKRZHG
WKDW WKH LQILOWUDWLRQ UDWH HTXDOOHG   RI WKH SUHFLSLWDWLRQ
YDOXH DQG WKDW WKH PD[LPXP DPRXQWV RI SHUFRODWLQJ ZDWHU
RFFXUUHG LQ WZRSHULRGV7KH ILUVW RQH WRRNSODFH LQ0DUFK DQG
$SULOZKHUHDV WKH VHFRQG RQHZDV UHFRUGHG LQ -XO\ WR$XJXVW
3UHFLVH HOHFWURQLF UHFRUGV RI LQILOWUDWLRQ FKDQJHV LQ \HDUV 
 ZKLFK VKRZHG WKDW WKUHH LQWHQVH JURXQGZDWHU UHFKDUJH
HYHQWV RFFXUUHGPDLQO\ DW WKH WXUQ RI -XO\ DQG$XJXVW  LQ
0DUFK\HDUDQGIURP'HFHPEHUWR-DQXDU\\HDU
$ SUHOLPLQDU\ VWXG\ LQGLFDWHV WKDW WKH LQLWLDO SUHFLSLWDWLRQ
RYHUWKHLQYHVWLJDWHGDUHDUDQJHVEHWZHHQWRDOPRVWPP
 7KH UHFRUGV RI JURXQGZDWHU UXQRII IRU WKH .DPLHQLFD
5LYHU REWDLQHG XVLQJ K\GURJUDSK VHSDUDWLRQ PHWKRG DUH
SUHVHQWHG7KHUHFRUGHGYDOXHVREWDLQHGDUHDOPRVWWZLFHDVKLJK
DVWKRVH\LHOGHGE\O\VLPHWHUJDXJH7KHZDWHU OHYHOIOXFWXDWLRQ
PHDVXUHG LQ D PGHHSZHOO VKRZHG DQQXDO OHYHO FKDQJHV RI




VKRZHG ORZ DPSOLWXGH P RIZDWHU OHYHO IOXFWXDWLRQ7KH




GLUHFW UHODWLRQVKLS WR WKH GLVFKDUJH YDOXHV RI WKH .DPLHQLFD
5LYHU
7KH JURXQGZDWHU UXQRII IURP WKH DUHD GUDLQHG E\ WKHPLQH





DUH DFFRPSDQLHG E\ PLQRU LQFUHDVH HYHQWV IROORZHG E\ ORQJ
GLVFKDUJHUHFHVVLRQSHULRGV7KHLQFUHDVHVRIIORZDUHVKDUSDQG
UDSLG ZKLFK LV FRQVLGHUHG W\SLFDO RI IUDFWXUHG DTXLIHUV 7KH
DQQXDOZDWHUGLVFKDUJHIURPWKHDGLWRIDYHUDJHLVHTXDO/V
DQG  WR /V PD[LPXP DQG PLQLPXP UHVSHFWLYHO\ 7KH
FDSDFLW\YDOXHVRIWKHGUDLQHGV\VWHPDTXLIHUDQGWKHGLVFKDUJH
UDWHVZHUHHYDOXDWHGIURPUHFHVVLRQFXUYHDQDO\VLVXVLQJ0DLOHWW
)RUNVLHZLF] &RWDQJH DQG %XUJHU IRUPXODH 7KH UHFHVVLRQ
FRHIILFLHQW YDOXHV FDQ EH FODVVHG LQWR WZR RU WKUHH JURXSV 7KH




7KH PHDVXUHPHQWV PDGH LQ WKH ULYHU GXULQJ  
DOORZHGDVHSDUDWLRQWREHPDGHRIWKHJURXQGZDWHUUXQRIIIURP
WKH WRWDO GLVFKDUJH 7KH .DPLHQLFD 5LYHU FDWFKPHQW GUDLQHG
KLJKO\HOHYDWHGDUHDVORFDWHGDWWKHDOWLWXGHRIGRZQWR
P DERYH WKH VHD OHYHO DQG WKH JDXJLQJ SRLQW FRYHUV DQ DUHD RI
 NP7KH DYHUDJH WRWDO IORZ IRU WKH FRQWUROOHG DUHD HTXDOV
PV IRU WKHPLQLPXPGLVFKDUJHRI PV DQG WKH LWV
KLJKHVW YDOXH RI PV 7KH HYDOXDWHG DYHUDJH JURXQGZDWHU
UXQRII HTXDOV  PP ZKLFK LV HTXLYDOHQW WR   RI WKH
UHFRUGHGSUHFLSLWDWLRQ










FRQFHQWUDWLRQRI LVRWRSHV 5D LQZDWHU IURPWKHDGLWDQGZHOO
62 DUH DPRQJ WKH KLJKHVW LQ 3RODQG   %TGP
ZKHUHDVLQWKHULYHUZDWHUWKH\DUHDVORZDVXSWRVLQJOH%TGP
7KH PHDVXUHG FRQFHQWUDWLRQV RI UDGLXP LVRWRSHV ± 5D DQG




IURP ODERUDWRU\ WHVWV D PRGHO RI JURXQGZDWHU IORZ LQ D
IUDFWXUHGPHGLXPZDV SUHVHQWHG ,Q FRQWUDVW WR WKH SLVWRQ IORZ
PRGHO WKUHH ]RQHV RI GLIIHUHQW K\GUDXOLF SURSHUWLHV KDYH EHHQ
DVVXPHG LQ WKH PRGHO KHUH SUHVHQWHG 7KH ODWWHU PRGHO ZDV
YHULILHG E\ FDOFXODWLRQ IRU WKUHH GLIIHUHQW K\GUDXOLF SDUDPHWHUV
VFHQDULRV
7KH VFKHPH LV D UHVXOW RI PHDVXUHPHQWV FDOFXODWLRQ DQG
LQWHUSUHWDWLRQRILVRWRSLFUHVHDUFKRIWKHWULWLXPFRQWHQWLQZDWHU
VDPSOHV 7KH WULWLXP FRQWHQW LQ JURXQGZDWHU VKRZHG WKDW WKH
DYHUDJHZDWHUIORZUDQJHGIURPP\HDUWRP\HDULQGHHS
V\VWHP FLUFXODWLRQ 7KH JURXQGZDWHU UHVLGHQFH WLPH LQ WKH
FDWFKPHQWZDV HYDOXDWHG DV  WR  \HDUV7KH REWDLQHG UHVXOWV








$&ODUN -) $ ++H VWXG\ RI JURXQGZDWHU IORZ LQ D
IUDFWXUHGEHGURFNDTXLIHU*URXQGZDWHU
&LĊĪNRZVNL:$VWXG\RIK\GURJHRFKHPLVWU\RIPLQHUDO
DQG WKHUPDO ZDWHUV LQ WKH 3ROLVK 6XGHWHV 0RXQWDLQV 6:
3RODQG LQ 3ROLVK 6FLQHWLILF 3DSHU RI *HRWHFKQLF¶V ,QVW
7HFKQLFDO8QLY0RQRJUDSKLF6HULHV1R:URFODZ
SS




+RHJ 6 8KOHQEURRN 6 /HLEXQGJXW &+  +\GURJUDSK
VHSDUDWLRQ LQ D PRXQWDLQRXV FDWFKPHQW FRPELQLQJ
K\GURFKHPLFDO DQG LVRWRSLF WUDFHUV +\GURORJLF 3URFHVVHV

-DKQ$.R]áRZVNL63XOLQD07KHPDVVLIRIĝQLHĪQLN





WKH XSSHU SDUW RI WKH .DPLHQLFD 5LYHU FDWFKPHQW 6QLH]QLN
0DVVLI 6XGHWHV 6: 3RODQGLQ 3ROLVK 3U]*HRO 

6WDĞNR 6 7DUND 5  *URXQGZDWHU IORZ LQ IUDFWXUHG KDUG
URFNV EDVHG RQ ILHOG GDWD IURP 6XGHW\0WV 6: 3RODQG ,Q
1HZDSSURDFKHVFKDUDFWHULVLQJJURXQGZDWHUIORZ
$$%DONHPD3XE0XQLFK
7XUQLDN . 0D]XU 6 DQG :\VRF]DĔVNL 5  6+5,03
]LUFRQJHRFKURQRORJ\DQGJHRFKHPLVWU\RIWKH2UOLFDĝQLHĪQLN

































SHULRGV +RZHYHU IRU KDUG URFNV WKLV DVVXPSWLRQ LV QRW YDOLG
'XH WR KHWHURJHQHLW\ WKH UHFHVVLRQ FRHIILFLHQW LV QRW RQO\ D
IXQFWLRQ RI D ZDWHU VWDJH LQ WKH DTXLIHU EXW GHSHQGV DOVR RQ
DTXLIHU VL]H DQG HIIHFWLYH SRURVLW\ DQG SHUPHDELOLW\
GLVWULEXWLRQV$VPDOOH[SHULPHQWDOZDWHUVKHGORFDWHGLQ6XGHWHV
0WV 6:3RODQGZDVFKRVHQ WRFRQGXFW ILHOGVWXGLHV6XGHWHV













'XULQJ WKHVH WLPH SHULRGV QR LQILOWUDWLRQ LQWR O\VLPHWHUV
ORFDWHGDWGHSWKRIPZDVREVHUYHG'LVFKDUJHVRIVL[QDWXUDO
VSULQJV DQG RQH DUWLILFLDO RXWIORZ DQ ROG PLQH VKDIW ZHUH
PHDVXUHG7DE VKRZV SK\VLFDO FKDUDFWHULVWLFV RIPHDVXUHPHQW
SRLQWV )LHOG UHFHVVLRQ FXUYHV ZHUH FRPSDUHG WR WKHRUHWLFDO
PRGHOV 0DLOOHW 7LVVRQ &RWDJQH )RUNDVLHZLF] DQG 3DORF DQG
WKH EHVW ILWWLQJ PRGHO ZDV FKRVHQ IRU HDFK SRLQW DQG IRU HDFK
REVHUYDWLRQ SHULRG 6WDVNR DQG 7DUND  8VLQJ GHWHUPLQHG
UHFHVVLRQ PRGHO WKH YDOXHV RI UHFHVVLRQ FRHIILFLHQW IRU DOO




YROXPHV RI VSULQJ¶V UHVHUYRLUV ZHUH PDGH KRZHYHU WKHUH LV D
ODUJH XQFHUWDLQW\ DERXW FRUUHFWQHVV RI FDOFXODWHG YDOXHV :KHQ
ILHOGGLVFKDUJHV DUHSORWWHG LQ D ORJDULWKPLF VFDOH WKH UHFHVVLRQ
FXUYHVJHQHUDOO\FDQEHDSSUR[LPDWHGE\VWUDLJKWOLQHV7KHUHLVD
GLVWLQFW VSOLW RI UHFHVVLRQ OLQHV LQWR WZR RU PRUH SDUWV ZLWK
GLIIHUHQWVORSHILJ
2EVHUYHGUHFHVVLRQW\SHLVFRQVLVWHQWZLWK.RZDOVNL¶VWKHRU\
 IRU JURXQGZDWHU IORZZLWKLQFOD\ UHJROLWKVRI FU\VWDOOLQH
URFNV $W WKH EHJLQQLQJ VSULQJ LV IHG E\ VDWXUDWHG PHGLXP
ILOWUDWLRQ DQG ODWHU LW GUDLQDJH¶V XQVDWXUDWHG PHGLXP WKLV LV
UHSUHVHQWHG E\ GLIIHUHQW VORSHV RI WKH UHFHVVLRQ OLQH &OD\
UHJROLWKVRI WKH6XGHWHV0WV FDQFRQWDLQZDWHU LQ DPRXQW IURP
VHYHUDO WR   RI WKH YRLG VSDFH /DERUDWRU\ H[SHULPHQWV
VKRZQ WKDW FRQVWDQW VDWXUDWHG IORZ RFFXUV IRU   RU KLJKHU
VDWXUDWLRQ IDFWRU .RZDOVNL  +RZHYHU FOD\ UHJROLWKV
XVXDOO\ FRQWDLQV OHVV ZDWHU WKHQ   RI WKH YRLG VSDFH DQG
VSULQJV GUDLQDJH XQVDWXUDWHG PHGLXP )RU WKHVH FRQGLWLRQV
UHFHVVLRQ FXUYHV DUH RI QR XVH WR HVWLPDWH WKH WRWDO VWRUDJH
FDSDFLW\ RI DTXLIHUV )RU VSULQJV EHLQJ IHG E\ FU\VWDOOLQH
EDVHURFNWKHWZRW\SHUHFHVVLRQLVH[SODLQHGWKDWDWWKHEHJLQQLQJ
WKH RXWIORZ LV IURP UHJROLWK VXUIDFH FRYHU DQG ODWHU RQO\ IURP
IUDFWXUHG EDVHURFN $FFRUGLQJ WR 6FKROOHU  RXWIORZ IURP
EDVHURFN FRXOGEHGHVFULEHGE\0DLOOHW¶VPRGHO+RZHYHU ILHOG











. JQHLVV   
. JQHLVV   
. HUODQURFNV   
. JQHLVV   
. JQHLVV   
/ JQHLVV   
/ JQHLVV   
/ VFKLVW   
/ VFKLVW   





 , ,, ,,,
6SULQJ (TXDWLRQ &RHIILFLHQW (TXDWLRQ &RHIILFLHQW (TXDWLRQ &RHIILFLHQW
. 0DLOOHW  )RUNDVLHZLF]  )RUNDVLHZLF] 
. 7LVVRQ  )RUNDVLHZLF]  )RUNDVLHZLF] 
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FRQVWDQW ZDWHU WHPSHUDWXUH D PD[LPXP DPSOLWXGH LV R&
&RQVWDQW ZDWHU WHPSHUDWXUH DQG VPDOO IOXFWXDWLRQV RI VSULQJ
GLVFKDUJHV DOORZV RQH WR SRVWXODWH WKDW VSULQJ¶V RXWIORZ
RULJLQDWHV LQ IUDFWXUHG EDVHURFN %DVHG RQ WKLV DVVXPSWLRQ
0DQJLQ¶V PRGHO ZDV XVHG WR DQDO\VH UHFHVVLRQ SURFHVV 7DE
SUHVHQWVUHVXOWVRIWKHWRWDOVWRUDJHYROXPHRIVSULQJV¶UHVHUYRLUV
FDOFXODWLRQVE\ILWWLQJPHWKRGWKDWLVFKRVHQWKHEHVWPRGHOVHH
WDE DQG E\ 0DQJLQ¶V PRGHO 7KH VXP RI ORFDO DQG UHJLRQDO
UHVHUYRLUV YROXPHV 9O DQG9U UHVSHFWLYHO\ LV WZR WKUHH WLPHV
KLJKHU WKHQ YDOXH GHWHUPLQHG E\ ILWWLQJ PHWKRG 1DWXUDOO\ D











  )LWWLQJPHWKRG 0DQJLQ¶VPHWKRG
6SULQJ 3HULRG 9W>P@ 9O>P@ 9U>P@
. ,,   
. ,,   
/ ,,   
/ ,,   
/ ,,   
/ ,,,   
6 ,,,   


7DEOH  &DSDFLW\ LQGLFDWRU RI UHVHUYRLUV GUDLQHG E\ HDFK
RXWIORZ

 $UHD )LWWLQJPHWKRG 0DQJLQ¶VPHWKRG
6SULQJ >P@ '9W>P@ '9U>P@ '9O>P@
.    
.    
/    
/    
/    
/    
6    

9DOXHV RI UHVHUYRLU DUHD $ IRU SDUWLFXODU VSULQJV ZHUH
HVWLPDWHGE\PXOWLSO\LQJWKHWRWDOYROXPHRIGLVFKDUJHIURPWKH
VSULQJLQWKHZKROHREVHUYDWLRQSHULRGDQGDYHUDJH




PDFFRUGLQJ WR ILWWLQJPHWKRG)RU0DQJLQ¶VPRGHO WKHVH
YDOXHV DUH  P DQG  P XVLQJ UHJLRQDO UHVHUYRLU
YROXPH 8VH RI DQ DYHUDJH VSHFLILF \LHOG DV   DOORZV
FDOFXODWLQJ VDWXUDWHG WKLFNQHVV RI EDVHURFN DTXLIHU 0DQJLQ¶V
PRGHO JLYHV WKH YDOXH RI VDWXUDWHG WKLFNQHVV RI  P ZKHQ
DFFRUGLQJWRILWWLQJPHWKRGWKHVDWXUDWHGWKLFNQHVVLVRQO\P
%RUHKROHV LQ VWXG\ DUHD LQGLFDWH  P RI ZHDWKHULQJ IUDFWXUHV
]RQH 7KXV 0DQJLQ¶V PRGHO VHHPV WR EH PRUH DSSOLFDEOH IRU
FU\VWDOOLQHURFNDTXLIHUV
%DVHGRQ UHFHVVLRQDQDO\VLV UHVXOWV D UHVLGHQFHJURXQGZDWHU
WLPH ZDV FDOFXODWHG $YHUDJH DQQXDO JURXQGZDWHU UHFKDUJH IRU
VWXG\ DUHD LV  P 7DUND  7KH UHQHZLQJ WLPH IRU
JURXQGZDWHUDUHIURPDFFRUGLQJWRILWWLQJPHWKRGWROHVVWKHQ
WLPHVD\HDU0DQJLQ¶VPRGHO7KHVHDUHYHU\ODUJHUDWHVRI
IORZ ,VRWRSLF FRPSRVLWLRQ RI JURXQGZDWHU LQ WKH VWXG\ DUHD LV
QRWFRQVLVWHQWZLWKWKHVHUHQHZLQJUDWHV7KHUHLVQRYDULDELOLW\LQ
LVRWRSLF FRPSRVLWLRQ GXULQJ WKH \HDU &LH]NRZVNL HW DO 
7KH FRQFOXVLRQ LV WKDW UHDO UHVHUYRLU¶V YROXPHV DUH KLJKHU WKHQ
RQHV HVWLPDWHG E\ 0DQJLQ¶V PRGHO +RZHYHU 0DQJLQ¶V PRGHO
VWLOOJLYHVPRUHUHOLDEOHUHVXOWVWKHQILWWLQJPHWKRG
:LWK WKHFRUUHFWLRQ WKDWVRPHDPRXQWRIDTXLIHU LVGUDLQDJH
E\VWUHDPV WKHFDSDFLW\ LQGLFDWRUFDOFXODWLRQVRQ WKHEDVLVRQO\
RI VSULQJ GLVFKDUJH UHFHVVLRQ VKRXOG EH ORZHU WKHQ UHFKDUJH







PDVVLIV &DOFXODWLRQV RI UHFHVVLRQ FRHIILFLHQW EDVHG RQO\ RQ D
VLQJOH REVHUYDWLRQ SHULRG FRXOG EHPLVOHDGLQJ0DQJLQ¶VPRGHO
VHHPVWREHPRUHUHOLDEOHWKDQRWKHUUHFHVVLRQPRGHOV7KLVZDV
VKRZQE\VWUHDPDQGVSULQJGLVFKDUJHUHFHVVLRQDQDO\VLV6WUHDP
GLVFKDUJH LV VHQVLWLYH WR SUHFLSLWDWLRQ DQG VSULQJV VKRXOG EH
SUHIHUUHGLQUHVHUYRLUYROXPHHVWLPDWLRQ
7KHGLVFUHSDQFLHVZHUHREVHUYHGIRUUHFHVVLRQFRHIILFLHQWIRU
WKH VDPH VSULQJ LQ GLIIHUHQW WLPH SHULRGV DQG LQ VLQJOH
REVHUYDWLRQ SHULRG IRU VSULQJV LQ WKH VDPH DUHD $V PHQWLRQHG
EHIRUH UHFHVVLRQ FRHIILFLHQW LV QRW RQO\ D IXQFWLRQ RI VWDJH RI
ZDWHU LQ WKH DTXLIHU EXW GHSHQGV DOVR RQ DTXLIHU VL]H DQG










.RZDOVNL 6 'UHQD]ZRG\ZZDUXQNDFK ODERUDWRU\MQ\FK
QDSU]\NODG]LHZ\EUDQ\FKXWZRUyZNHQR]RLF]Q\FK6XGHWyZ L
LFKSU]HGSROD*HRORJLD6XGHWLFDY;;,,2VVROLQHXP:URFODZ
.RZDOVNL 6  &]\QQLNL QDWXUDOQH ZDUXQNXMXFH
Z\VWrSRZDQLH ZyG SRG]LHPQ\FK Z UHJLRQLH VXGHFNLP $FWD
8QLY:UDWLVO3UDFH*HRORJ0LQHUDO;;9:URFODZSS








7DUND 5  =DVLODQLH ZyG SRG]LHPQ\FK Z JyUVNLFK
PDV\ZDFKNU\VWDOLF]Q\FKQDSU]\NáDG]LHPDV\ZXĝQLHĪQLNDZ
6XGHWDFK $FWD 8QLY :UDWLVO 3UDFH *HRO0LQHUDO QU /9,
:URFáDZSS



































$ E V W U D F W  6RXWK'REURJHD5RPDQLDUHSUHVHQWVGXHWRLWVQDWXUDODQGDQWKURSLFIHDWXUHVDYHU\LQWHUHVWLQJDUHDHVSHFLDOO\IRU
K\GURJHRORJLVWV 7KHUH DUH WZR VXSHUSRVHG FDOFDUHRXV DTXLIHUV  WKH XSSHU DTXLIHU 6DUPDWLDQ DQG ORZHU DTXLIHU %DUUHPLDQ 
-XUDVVLFLQWKHUHJLRQWKDWFRQVWLWXWHDNDUVWLFV\VWHPRIDVWUDWHJLFLPSRUWDQFH7KHLVRWRSLFPRQLWRULQJ+&&'2ZDV
SHUIRUPHG RYHU WKH ODVW  \HDUV E\ DQ LQWHJUDWHG UHVHDUFK RI DOO QDWXUDO W\SHV RI ZDWHUV LQ RUGHU WR LPSURYH WKH NQRZOHGJH RI
K\GURJHRORJLFDOSDUDPHWHUVDQGRIWKHUHJLRQDOSDWWHUQIORZ7KHPDLQLVRWRSLFFKDUDFWHULVWLFVRIPHWHRULFDQGVXUIDFHZDWHUVDUHDOVR








V\VWHP RI VWUDWHJLF LPSRUWDQFH IRU 5RPDQLD 8QWLO  WKH
FODVVLFDOK\GURJHRORJLFDOSURVSHFWLQJKDVQRWEHHQDEOHWRJLYHD
GHILQLWLYH SLFWXUH RI WKH JURXQGZDWHU SDWWHUQV %HJLQQLQJ ZLWK
 D VDPSOLQJQHWZRUN± LQFOXGLQJQRW RQO\JURXQGZDWHU EXW
DOO WKH ZDWHUV W\SHV RI K\GURORJLFDO F\FOH ± ZDV PDLQWDLQHG
XQFKDQJHG DQG DOO HQYLURQPHQWDO LVRWRSH WULWLXP+
UDGLRFDUERQ&FDUERQ&R[\JHQ2DQGGHXWHULXP'
KDYH EHHQ DQDO\VHG $GGLWLRQDOO\ GXULQJ  \HDU G2 DQG







6RXWK 'REURJHD LV ORFDWHG LQ WKH VRXWKHDVWHUQ SDUW RI
5RPDQLDRQ WKH%ODFN6HDVKRUHDWDERXWQRUWKHUQ ODWLWXGH
DQGHDVWHUQORQJLWXGH
7KH NDUVWLF V\VWHP RI 6RXWK 'REURJHD LV IRUPHG E\ WZR
VXSHUSRVHG DTXLIHUV VHSDUDWHG E\ DQ LQWHUPHGLDWH SDUWLDOO\
DFYLFOXGH




PRVW6RXWK'REURJHD LQ D XQLWDU\DQGNDUVWLILHG OLPHVWRQHDQG
GRORPLWLF FRPSOH[ GHSRVLWV RI -XUDVVLF DQG %DUUHPLDQ (DUO\
&UHWDFHRXV DJH 7KH WKLFNQHVV RI WKH ORZHU DTXLIHU FRPSOH[ LV
DERXW  P LQ WKH VRXWKZHVWHUQ SDUW RI 6RXWK 'REURJHD EXW
GHFUHDVHV WR DERXW  P LQ WKH HDVW DQG HVSHFLDOO\ QRUWKHDVW
6LXWJKLRO /DNH DUHD 7KLV FRPSOH[ LV GHVFHQGLQJ IURP VRXWK
WRZDUGVQRUWKDQGQRUWKHDVWDQG LW LVDIIHFWHGE\ WZRPDLQIDXOW
V\VWHPVZLWK11(66:DQGUHVSHFWLYHO\:1:(6(GLUHFWLRQV
7KH ODVW IDXOW V\VWHP LQFOXGLQJ WKH JUHDW RYHUWKUXVW &DSLGDYD
2YLGLX WKDW UHSUHVHQW WKH QRUWKHDVWHUQ JHRORJLFDO ERXQGDU\ RI






0HWHRULF ZDWHU ZDV VDPSOHG LQ WKH &RQVWDQW]D PHWHRURORJLFDO
VWDWLRQ GXULQJ  SHULRG 7ULWLXPZDV PHDVXUHG LQ WKLV
HQWLUHLQWHUYDO&RQFHUQLQJWKHVXUIDFHZDWHUVWKHUHDUHGLIIHUHQW
QDWXUDO ZDWHU ERGLHV 'DQXEH 5LYHU %ODFN 6HD VDOW DQG IUHVK
ZDWHU ODNHV DV ZHOO DV D UHJLRQDO QHWZRUN RI LUULJDWLRQ RU
WUDQVSRUWFKDQQHOV$VWKHVHZDWHUVVKRXOGFRQVWLWXWHSDUWLDOO\WKH
UHFKDUJH WKH\ ZHUH V\VWHPDWLF VDPSOHG ZLWK WKH VDPH \HDUO\
FDGHQFHDV WKHJURXQGZDWHU7DEDQG)LJVKRZVRPHUHVXOWV
IURP  \HDU ,W FDQ EH QRWLFHG WKDW WKH VWDEOH LVRWRSH
FRQFHQWUDWLRQVFRYHUDWUHJLRQDOVFDOHDQGDWWKHVDPHPRPHQWD
JUHDWUDQJHRIYDOXHVį2 WRÅDQGį' WR
 Å FRQVHTXHQFH RI GLYHUVH ZDWHU W\SHV ,QVWHDG IRU WKH
VDPH ERG\ZDWHU GXULQJ  SHULRG RQO\ VPDOO FKDQJHV
ZHUH UHJLVWHUHG WKH PRVW LPSRUWDQW EHLQJ WKH SURJUHVVLYH
HQULFKPHQWRI6LXWJKLRO/DNHWKDWZHLQWHUSUHWDVFRQVHTXHQFHRI
GUDXJKW LQVWDOOHG LQ WKH ODVW  \HDUV 7KH UHODWLRQVKLS IRU DOO
VXUIDFHZDWHUVį' į2±5 LVOLWWOHGLIIHUHQW
IURP0:/EXWRXUH[SHULPHQWDOSRLQWVDUHJURXSHGLQWZRDUHDV
RQH IRU WKHZDWHUV IURP'DQXEH5LYHU DQG DOO WKH FKDQQHOV DQG
DQRWKHUZLWKPRUH QHJDWLYH YDOXHV IRU WKHZDWHUV IURP OLWWRUDO
ODNHVDQGWKH%ODFN6HD
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0HWHRULFZDWHU      
'DQXEH5LYHU      
%ODFN6HD      
8SSHUDTXLIHU      














)LJXUH  G'G2 GLDJUDP IRU WKH VXUIDFH ZDWHUV DQG
JURXQGZDWHULQWKH
.H\6XUIDFHZDWHUVG' G25 8SSHU




7KH NDUVWLF V\VWHP DQG HVSHFLDOO\ WKH ORZHU DTXLIHU ZHUH WKH
WDUJHWRIRXULVRWRSLFUHVHDUFKLQWKHODVW\HDUV)URPWKHHQWLUH
SHULRG ZH FKRVH WKUHH PRPHQWV   DQG  DV






















QHWZRUN FRQVWLWXWHG RI  ZDWHU SRLQWV ERUHKROHV ZHOOV DQG
VSULQJV
7KHDUHDOGLVWULEXWLRQVRIR[\JHQHDQGUDGLRFDUERQDUHLQ
DJUHHPHQW ZLWK WKH UHJLRQDO SLH]RPHWULF SDWWHUQ VKRZLQJ
JUDGLHQWV WRZDUGV%ODFN6HD ,Q )LJ LV VKRZHG WKH FRUUHODWLRQ
G'G2IRUWKHXSSHUDTXLIHULQ\HDUDQGLWVHTXDWLRQG'
 G25 ,WFDQEHHQQRWLFHGWKDWWKHFRQWHQWV
RI VWDEOH LVRWRSHV IRU WKHVH ZDWHUV ZLWK D GLVSHUVLRQ JUHDW
HQRXJKDUHSODFHGEHWZHHQWKRVHRIWKH'DQXEHDQGRIWKHORZHU
DTXLIHU 7KLV GLVSHUVLRQ LV SUREDEO\ WKH FRQVHTXHQFH RI WZR




7KH VWXG\ E\ HQYLURQPHQWDO LVRWRSHV RI WKLV DTXLIHU EHJDQ LQ
\HDULQIHZSRLQWV$IWHU\HDUZHOOVZHUHVHOHFWHG
DVDSHUPDQHQWQHWZRUNIRUJHRFKHPLFDODQGLVRWRSLFVDPSOLQJ
7DE VXPPDUL]HV WKH LVRWRSLF UHVXOWV REWDLQHG LQ WKH WKUHH
FKDUDFWHULVWLF PRPHQWV ± PHQWLRQHG DERYH ± DQG IRU WKH WKUHH
ERXQGDU\DUHDVRIDTXLIHU
7KH DUHDO GLVWULEXWLRQV RI VWDEOH LVRWRSHV YDOXHV ZHUH IRXQG
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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 
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               

&RQFHUQLQJ WKH WULWLXP LW PD\ EH QRWLFHG WKDW VLJQLILFDQW
FRQFHQWUDWLRQVZHUHPHDVXUHGRQO\ IRUVRPHZHOOVVLWXDWHGQH[W
WR WKH %XOJDULDQ ERUGHU LQ WKH VRXWKZHVWHUQ SDUW RI WKH 6RXWK
'REURJHD±LQ7DEQDPHG³UHFKDUJHDUHD6(2VWURY´DQGLQ
WKH (DVW 0HGJLGLD ELIXUFDWLRQ ]RQH RI WKH 'DQXEH%ODFN 6HD
&KDQQHO %HVLGHV WKH LQIRUPDWLRQ DERXW WKH SODFHPHQW RI WKH
PDLQ LQWDNH DUHD WKHVH WULWLXP YDOXHV SURYH D DOPRVW JRRG






















.H\ $TXLIHU W\SH  6KDOORZ JURXQGZDWHU & y S0&
+ y783DUWLDOFRQILQHGDTXLIHUORFDOFRYHUHGE\WKH
/RZHU&UHWDFHRXVDTXLWDUG& yS0&+ y78
&RQILQHG DTXLIHU FRYHUHG E\ WKH LQWHUPHGLDWH FRPSOH[ DTXLWDUG
& y S0& +     785HFKDUJH  7KH IURQW RI WKH
PDLQ  UHFKDUJH DUHD  $GYHQWLYH UHFKDUJH E\ VXUIDFH ZDWHU
DUHD 'UDLQDJH  1DWXUDO GUDLQDJH DUHD 1S EHORZ  P 
0DMRU QDWXUDO DQG DQWKURSLF FRQGLWLRQHG GLVFKDUJH DUHD 1S
EHORZ  P *URXQGZDWHU K\GUDXOLF  )ORZ GLUHFWLRQ RI
JURXQGZDWHU FRQILUPHG E\ LVRWRSLF PHDQV DQG WKH YDOXH RI
K\GUDXOLFJUDGLHQW)ORZGLUHFWLRQRIJURXQGZDWHUVXJJHVWHGE\




7KH UDQJHVRI VWDEOHV LVRWRSHV'DQG 2DUHPXFKRU OHVV
WKHVDPHDVRWKHUIUHVKZDWHUVLQWKHUHJLRQEXWWKHDYHUDJHYDOXHV





RIG2YDOXHVPHDVXUHGGXULQJ IRXU\HDUV LQWHUYDO LQ WKHVDPH
ODE DQG ORFDWLRQV 7KH ORZ FRQFHQWUDWLRQV PHDVXUHG LQ 
HPSKDVL]H D SHUPDQHQW FRQWULEXWLRQ RI GHHSHUJURXQGZDWHU DQG
WKHUHIRUHWKHJUHDWLPSRUWDQFHRIWHFWRQLFLQWKHXSZDUGVOHDNDJH
HVSHFLDOO\LQWKH0DQJDOLD7HFKLUJKLRO/DNHDUHD
7KH SURJUHVVLYH LQFUHDVH RI WKLV FRQWULEXWLRQ DIWHU 
HPSKDVL]HG E\ D GLPLQXWLRQ RI FRQWHQWV VHHPV WRPHDQ WKDW LQ
WKH ODVW  \HDUV ZDV D FRQWLQXRXV RYHUGUDIWZKLFK XQEDODQFHG
WKHQDWXUDOHTXLOLEULXPRIWKHWZRUHFKDUJHFRPSRQHQW
$V WKH UDGLRFDUERQ 7DE WKH YDULDWLRQ RI PHDVXUHG &
DFWLYLWLHVIRUWKHVDPHSRLQWLVJHQHUDOO\VPDOOH[FHSWVRPHDUHDV
H[0DQJDOLD/DNHZKHUH WKH UHFKDUJHFRQGLWLRQVDUH FKDQJHG
GXULQJ WKH ODVW\HDUV7KHUHIRUHDOO LVROLQHPDSVGUDZLQJXS
IRU WKH   DQG  PRPHQWV VKRZ WKH VDPH PDLQ
IHDWXUHV D FHQWUDO 6:1( VWULS ZLWK KLJKHU FRQFHQWUDWLRQV
OLPLWHG E\ WZR DUHDOV LQ ZKLFK WKH ZDWHU VKRZV D SURJUHVVLYH
DJLQJ WRZDUGV0DQJDOLD /DNH DQG &HUQDYRGD WRZQ 7KH DFWXDO
YHORFLWLHVREWDLQHGWRP\HDULQWKHFHQWUDOVWULSDQG
RQO\XQGHUP\HDU LQ WKH0DQJDOLD/DNHDUHD±GLIIHUXSWR
WZR RUGHUV RI PDJQLWXGH IURP WKH YDOXHV REWDLQHG SUHYLRXVO\
'HVSLWHWKHIDFWWKDWIHZK\GUDXOLFIORZLQJGLUHFWLRQVZHUHIRXQG








WKH6LXWJKLRO/DNH DQG WKH VHFRQGDU\ LV VRXWKHDVWZDUG WRZDUGV
WKH0DQJDOLD/DNH
 2WKHU LQSXWV XSZDUG OHDNDJH LQ WKH 7HFKLUJKLRO /DNH ±
0DQJDOLD /DNH DUHD DQG D PLQRU GHVFHQGLQJ UHFKDUJH DW (DVW
0HGJLGLDDUHD







DOORZHGDFRPSUHKHQVLYHDQG LQWHJUDWLYH LQVLJKW LQWR WKHNDUVWLF
V\VWHP DV WKHLUV K\GURG\QDPLF SDUDPHWHUV ERXQGDU\ LQSXW DQG
























































CHEMICAL, PHYSICAL AND ISOTOPE PROPERTIES
OF GROUNDWATER IN FRACTURED ROCKS
• Properties of shallow and deep groundwater 
• Saline waters, brines, salinization process 
• Thermal and mineral waters 















$ E V W U D F W   7KHVWXG\DUHDFRYHUVDERXW.PDQGLVGHILQHGE\ORQJLWXGHVqDQGq(DQGODWLWXGHVqDQGq










LQYHVWLJDWHGDUHDZKHUHSHJPDWLWHVKLJKO\SURQH WRZHDWKHULQJDUHFRPPRQLQWUXVLRQV LQ WKHJQHLVVLFURFNVRI WKHDUHD7KHG+











FRPPHUFH DQG SRSXODWLRQ LQ WKLV DUHD 2YHU WKH \HDUV
FRPPHUFLDODFWLYLWLHV LQ WKLVDUHDKDYHVWHDGLO\JURZQDWWUDFWLQJ
PRUH SHRSOH WR WKH XUEDQ FHQWUHV DQG FRQVHTXHQWO\ LQFUHDVLQJ
JURXQGZDWHU XVH 3XEOLFZDWHU VXSSO\ IURP D GDP DFURVV2\XQ
ULYHUZLWKVWRUDJHFDSDFLW\RIPLOOLRQJDOORQVDQGGDLO\VXSSO\
RI  JDOORQV RI WUHDWHG ZDWHU KDV IDLOHG WR PHHW WKH
JURZLQJ GHPDQG IRUZDWHU LQ WKH DUHD DV D UHVXOW RI SRSXODWLRQ




JURXQGZDWHU LQ WKLV DUHD KDV EHHQ LQLWLDWHG ,Q WKH SUHOLPLQDU\
LQYHVWLJDWLRQVPRUH WKDQ ZHOOV PRVWO\ KDQGGXJZHOOV DQG
VRPH ERUHKROHV KDYH EHHQ VWXGLHG XQGHU WKH VWXGHQW UHVHDUFK
SURMHFW VFKHPH-RKQVRQ2\HWDNLQ6KRQLEDUH
DQGVDPSOHGIRUSK\VLFDODQGFKHPLFDODQDO\VHV7KHRYHUDOODLP
LV WR JHW DGHTXDWH LQIRUPDWLRQ RQ JURXQGZDWHU LVRWRSLF DQG






*HRORJLFDOO\2IID DQG LWV QHLJKERXULQJ WRZQV DUH XQGHUODLQE\
3UHFDPEULDQWR/RZHU3DOHR]RLFFU\VWDOOLQH%DVHPHQWURFNVDQG
WKH HQWLUH DUHD IDOOVZLWKLQ WKH VRXWKZHVWHUQ1LJHULDQ%DVHPHQW
&RPSOH[5DKDPDQ5DGLRPHWULFGDWLQJLQGLFDWHVWKDWWKH
%DVHPHQW URFNV RI VRRXWKZHVWHUQ1LJHULD LV SRO\F\FOLF DQG KDV
UHVSRQGHG WR VHYHUDO WHFWRQLF HYHQWV ZLWK GLIIHULQJ LQWHQVLWLHV
IURP $UFKHDQ WR ODWH 3URWHUR]RLF 3DQ $IULFDQ 3URPLQHQW
VWUXFWXUDOWUHQGVIDXOWLQJDQGIROGLQJKDYHEHHQREVHUYHGLQWKLV
UHJLRQ 2\DZR\H&RRUD\ 5DKDPDQ 'XH WR
WKHFU\VWDOOLQHQDWXUHRI WKH URFN W\SHV LQ WKLVDUHD WKHSRURVLW\
DQG SHUPHDELOLW\ QHFHVVDU\ IRU JURXQGZDWHU RFFXUUHQFH DUH
JHQHUDOO\ ODFNLQJ +RZHYHU DSSUHFLDEOH SRURVLW\ DQG
SHUPHDELOLW\ PD\ KDYH GHYHORSHG WKURXJK IUDFWXULQJ DQG
ZHDWKHULQJSURFHVVHV
$YDLODEOH GDWD IURP WKH 8QLWHG 1DWLRQV ,QWHUQDWLRQDO
&KLOGUHQ (GXFDWLRQ )XQGV 81,&()ZDWHU DVVLVWHG SURMHFWV
KDYHVKRZQWKDWERUHKROHLQ2IIDDUHDDUHGHVLJQHGWRWDSZDWHU
IURP WKH ZHDWKHUHG ]RQH DTXLIHU RU WKH MRLQWHGIUDFWXUHG
EDVHPHQWURFNDTXLIHU7KHERUHKROHVDUHHLWKHUVLQJOHG±VFUHHQHG
RU PXOWLSOHVFUHHQHG DQG VRPHWLPHV RSHQ ZHOOV DUH GULOOHG
WKURXJKIUDFWXUHGEDVHPHQWURFNV\LHOGLQJVXEVWDQWLDODPRXQWRI
ZDWHUIRUSULYDWHVWDNHKROGHUV5HFRUGVIURPDYDLODEOHERUHKROHV
VKRZ WKH WRWDO ERUHKROH GHSWK RI EHWZHHQ  WR  PHWUHV
ZKLOH RYHUEXUGHQ WKLFNQHVV YDULHV IURP    PHWUHV +HQFH
\LHOGV RI ERUHKROHV DUH JHQHUDOO\ ORZ UDQJLQJ IURP WR 
/VZLWKDPHDQYDOXHRI/V7KHVHYDOXHVDUHFRQVLVWHQW
ZLWK DQ DYHUDJH \LHOG RI  /V DQG ERUHKROH GHSWK RI 
PHWUHV HVWLPDWHG IRU WKH FU\VWDOOLQH EDVHPHQW URFNV LQ 1LJHULD
2WH]H  <LHOGV RI EHWZHHQ  /V LQ WKH 1LJHULDQ
%DVHPHQW URFNV DUH FRQVLGHUHGJRRG HQRXJK IRU WKH LQVWDOODWLRQ





,Q DFFRUGDQFHZLWK WKH REMHFWLYHV RI WKH VWXG\ LQLWLDWHG LQ2IID
DUHDLQVWDQWDQHRXVLQIRUPDWLRQKDYHEHHQJDWKHUHGIURPVKDOORZ
UHJROLWKIUDFWXUHG EHGURFN DTXLIHUV DV ZHOO DV ORQJWHUP
PRQLWRULQJRIZDWHU OHYHOVDQGFKHPLVWU\EHWZHHQDQG WKH
\HDU)RUWKHSXUSRVHRIWKHSUHVHQWVWXG\VHYHUDOKDQGGXJ
ZHOOV DQG VRPH ERUHKROHV WDSSLQJ JURXQGZDWHU DW UHODWLYHO\
GHHSHU OHYHO KDYH EHHQ VDPSOHG IRU FKHPLVWU\ DQG VWDEOH
LVRWRSHV 7KH KDQGGXJ ZHOOV DUH LQ PRVW FDVHV WDSSLQJ WKH
XSSHUPRVW UHJROLWKV DTXLIHU 7HPSHUDWXUH S+ DQG HOHFWULFDO
FRQGXFWLYLW\ (& ZHUH PHDVXUHG LQ WKH ILOHG XVLQJ SRUWDEOH




FDUULHG RXW DW WKH 'HSDUWPHQW RI *HRORJ\ WHFKQLFDO 8QLYHUVLW\
'DUPVWDGW *HUPDQ\ E\ PHWKRGV RI $WRPLF $EVRUSWLRQ










LQ 7RWDO 'LVVROYHG 6ROLGV 7'6 PRVWO\ EHORZ  PJ/
+HQFH WKH ZDWHU LV FODVVLILHG DV IUHVK DOWKRXJK HOHYDWHG











!0J DQG1D !&D !0J7KH GHWDLOV RI K\GURFKHPLFDO IDFLHV
FODVVLILFDWLRQLQWKHVWXG\DUHDKDYHEHHQGLVFXVVHGLQ(JEHOHKXOX
 7KHPDLQZDWHU W\SH LQ WKH DUHD LV HVVHQWLDOO\&D+&2
ZLWKWKHH[FHSWLRQRIWKUHHVDPSOHV))))DQG))WKDW
VKRZV1D&OZDWHU W\SH+RZHYHU LQ DOO WKH FDVHV WKHDYHUDJH
FRQFHQWUDWLRQ RI &D 0J H[FHHG WKDW RI 1D  . ILJ
7KLVZDWHUW\SHLVDUHIOHFWLRQRIWKHSUHGRPLQDQWURFNW\SHLQWKH
LQYHVWLJDWHGDUHDZKHUHSHJPDWLWHVKLJKO\SURQHWRZHDWKHULQJ









ZLWKPDMRULW\RI WKH VDPSOHVKDYLQJGHXWHULXPH[FHVV OHVV WKDQ
7KLV LQGLFDWHV VLPLODU UHFKDUJHFRQGLWLRQVDQG WKDW FRXOGEH
PDLQO\IURPSUHFLSLWDWLRQ
7KH ORZ GHXWHULXP H[FHVV LQ WKH JURXQGZDWHU RI WKH VWXG\
DUHD ZDV DOVR LQWHUSUHWHG DV LQGLFDWLQJ SUREDEOH HQULFKPHQW E\
HYDSRUDULRQ +RZHYHU WKHUH LV PXFK YDULDWLRQ LQ WKH LVRWRSLF
FRQWHQW RI UDLQZDWHU LQ ,ORULQ  .P 1: RI WKH VWXG\ DUHD
SHUKDSV GXH WR DOWLWXGH DQG HIIHFW 7KH GHWHUPLQDWLRQ RI WKH
DOWLWXGHHIIHFWRIDWPRVSKHULFSUHFLSLWDWLRQLVDXVHIXOWRROIRUWKH
LGHQWLILFDWLRQ RI JURXQGZDWHU UHFKDUJH ]RQHV DV ZHOO DV IRU
LGHQWLI\LQJ JURXQGZDWHU RULJLQ DQG WKH G\QDPLFV RI IORZ LQ WKH






&RRUD\ 3*  &ODVVLILFDWLRQ RI FKDUQRFNLWLF URFNV RI
1LJHULD-0LQLQJ*HRO
(JEHOHKXOX%(+\GURFKHPLFDOHYDOXDWLRQRIJURXQGZDWHU





2IIRGLOH 0(  $Q DSSURDFK WR JURXQG ZDWHU VWXG\ DQG
GHYHORSPHQWLQ1LJHULD0HFRQ-RVSS
2ODVHKLQGH3,*HRSK\VLFDOLQYHVWLJDWLRQIRUJURXQGZDWHU
IRU JURXQGZDWHU VRXUFHV IRU 2\XQ %UHZHULHV 2IID 6:





2\DZR\H 02  7KH EDVHPHQW FRPSOH[ RI 1LJHULD ,Q
'HVVDXYDJLH 7)- :KLWHPDQ $- HGV $IULFDQ JHRORJ\
8QLYHUVLW\RI,EDGDQSS
2\HWDNLQ 21  *HRORJ\ DQG K\GURJHRORJ\ RI 2IID 6:
1LJHULD 8QSXEOLVKHG %6F WKHVLV *HRORJ\ 'HSDUWPHQW
8QLYHUVLW\RI,ORULQ1LJHULD
5DKDPDQ 0$  5HYLHZ RI WKH EDVHPHQW JHRORJ\ RI
VRXWKZHVWHUQ1LJHULD,Q.RJEH&$HGV*HRORJ\RI1LJHULD
QGHGLWLRQ(OL]DEHWKDQ3XEO-RVSS
6KRQLEDUH 6)  $ FRQVWUXFWLRQ RI WKH JURXQGZDWHU IORZ
GLUHFWLRQ DQG WULOLQHDU GLDJUDP RI WKH SHUFKHG DTXLIHU LQ2IID






































































































































7KHDTXLIHUV\VWHPV LQ WKHFU\VWDOOLQHEDVHPHQW WHUUDLQV LQSDUWV
RIWKHFRDVWDO]RQHRIWKH&HQWUDO5HJLRQRI6RXWKHUQ*KDQDDUH
IRXQG WR EH FKDUDFWHUL]HG E\ YDULDEOH ZDWHU TXDOLWLHV ZLWK
HOHFWULFDO FRQGXFWLYLW\YDOXHV UDQJLQJ IURPDV ORZDV6FP
WRKLJKYDOXHVLQH[FHVVRI6FPJUHDWHUWKDQWKHQDWLRQDO
DFFHSWDEOH OLPLWRI6FP9DOXHVDVKLJKDV6FP
DUH DOVR QRW XQFRPPRQ 7KHVH YDU\LQJ TXDOLWLHV HYHQ RFFXU
ZLWKLQFORVHSUR[LPLWLHVPRUOHVVLQVRPHFDVHVRIPRVWRI
WKH JURXQGZDWHU V\VWHPV DQG VKRZ QR DSSDUHQW UHODWLRQVKLS
EHWZHHQ WKH ORFDWLRQRIRFFXUUHQFHDQGGLVWDQFH IURPWKHFRDVW







7KH YDULRXV FRQGXFWLYLW\ YDOXHV ZHUH DQDO\VHG DJDLQVW VXFK
SDUDPHWHUV DV WKH GHSWK RI WKH DTXLIHU V\VWHP DV ZHOO DV WKH
OLWKRORJLFDOVHWWLQJV
&RQVLGHULQJWKHIDFWWKDWHOHFWULFDOFRQGXFWLYLW\FRQFHQWUDWLRQ
LV SURSRUWLRQDO WR WKH TXDQWLW\ RI GLVVROYHG LRQV SUHVHQW LQ D
VROXWLRQ )HWWHU  WKH YDULRXV JURXQGZDWHU V\VWHPV ZHUH
DQDO\VHGE\GHWHUPLQLQJWKHWRWDOGLVVROYHGVROLGVE\HYDSRUDWLRQ
7KLVZDVIROORZHGE\PRUHSUHFLVHDQDO\VLVRIWKHFRQFHQWUDWLRQV
RI WKH EDVLF LRQLF FRQVWLWXHQWV 7KH ZDWHU VDPSOHV IRU WKHVH
DQDO\VHVZHUHFROOHFWHGXVLQJWKHVDPSOLQJSURWRFROGHVFULEHGE\
&ODDVHQ  %DUFHORQD HW DO  DQG *DOH DQG 5RELQV
 7KH SRO\HWK\OHQH ERWWOHV XVHG IRU WKH VDPSOLQJ ZHUH
WKRURXJKO\ FOHDQHG XVLQJ FRQFHQWUDWHG UHDJHQW JUDGH RI
K\GURFKORULFDFLGDQGULQVHGZLWKGLVWLOOHGDQGGHLRQLVHGZDWHU
)LOWUDWLRQ RI WKH VDPSOHV ZDV SHUIRUPHG WR UHPRYH SDUWLFXODWH




E\ LQGXFWLYHO\ FRXSOHG SODVPDPDVVVSHFWURVFRS\ ,&306
WHFKQLTXH)RUWKHDQLRQDQDO\VHVVDPSOHVZHUHFROOHFWHGLQQRQ
DFLGLILHG ERWWOHV 7KH FKORULGH DQG VXOSKDWH FRQWHQWV ZHUH
PHDVXUHGE\ WKH LRQ FKURPDWRJUDSK\ WHFKQLTXHZKLOH DONDOLQLW\
ZDVGHWHUPLQHGE\WLWUDWLRQ
7KH YDULRXV FKHPLFDO GDWD ZHUH DQDO\VHG WR GHWHUPLQH WKH
UHVSHFWLYHK\GURFKHPLFDO IDFLHVXVLQJ WKH3LSHUGLDJUDPV3LSHU
DVZHOODVSHUFHQWIUHTXHQF\GLDJUDPV=XEDUL
$V WKHGRPLQDQFHRIRQH LRQRYHU WKHRWKHU LVFRQWUROOHGE\
LRQH[FKDQJHSURFHVVHVHJWKHH[FKDQJHRI&DIRU1DRUWKH
UHYHUVH HIIHFW LH 1D IRU &D WKH LRQLF GDWD ZHUH WKHUHIRUH
DQDO\VHGXVLQJWKH6FKHROOHULQGH[6FKHROOHUWRGHWHUPLQH
WKH W\SHRI LRQH[FKDQJHSURFHVV WKHJURXQGZDWHUV\VWHPPLJKW
KDYHXQGHUJRQH
7KLV ZDV IROORZHG E\ VWDEOH LVRWRSH DQDO\VLV RI GHXWHULXP
+ DQG 2[\JHQ 2 EDVHG RQ WKH WHQGHQF\ RI WKHVH WR
IUDFWLRQDWH GXULQJ VRPH JHRORJLFDO SURFHVV RI URFN IRUPDWLRQV
DQG FRQVROLGDWLRQV DV ZHOO DV PHWHRURORJLFDO SURFHVVHV OLNH











5HJDUGLQJ WKHYDULRXV OLWKRORJLFDOVHWWLQJV LQ WKHDUHDZKLFKDUH
FODVVLILHG LQWR PHWDYROFDQLFV DQG PHWDVHGLPHQWV WKH ODUJH
SHUFHQWDJH RI DTXLIHUV ORFDWHG LQ WKH PHWDVHGLPHQW FRQVLVWLQJ





FRQGXFWLYLW\ DQG WKH WRWDO GLVVROYHG VROLGV REWDLQHG E\ L
HYDSRUDWLRQ DQG LL WRWDO LRQLF FRQWHQWV ZLWK WKH FRQVWDQW RI




7KH EDVLF LRQLF DQDO\VHV LQGLFDWH WKDWPRVW RI WKH JURXQGZDWHU
V\VWHPV DUH DVVRFLDWHG ZLWK HOHYDWHG FRQFHQWUDWLRQV RI VRGLXP
FDOFLXPFKORULGHDQGVXOSKDWHLRQVUHVXOWLQJLQWKHJURXQGZDWHU
V\VWHPVGRPLQDWHGE\1D&D&O62DQG&D1D&O62IDFLHV
0RODU UDWLRV RI FKORULGH WR WKH DONDOLQH DQG DONDOLQHHDUWK
PHWDOV LQ WKH YDULRXV JURXQGZDWHU V\VWHPV GLIIHU IURP VLPLODU
UDWLRVIURPDPDULQHVDPSOHIURPWKHDUHD:KLOHWKHUDWLRVRI&O
0J DQG &O62 FRPSDUH UHODWLYHO\ WR WKH PDULQH UDWLR
WKHUHIRUH VXJJHVWLQJ WKDW WKHVH VSHFLHV DUH SUREDEO\ VHDZDWHU
UHODWHGWKH&OWR&DUDWLRVRQWKHRWKHUKDQGDUHIDUORZHUWKDQ
WKHPDULQHUDWLRUXOLQJRXWSRVVLEOHVHDZDWHUUHODWLRQ
7KH UHODWLRQVKLS EHWZHHQ &O DQG 1D. DV ZHOO DV WKH
UDWLR RI&D0J LQ WKH YDULRXV JURXQGZDWHU V\VWHPV WRJHWKHU
SRLQW WR WKH IDFW WKDWPRVWRI WKHVRXUFHVRIVXFKKLJKHOHFWULFDO
FRQGXFWLYLWLHVZDWHUVPLJKWEHGXH WR WKHPL[LQJRI IUHVKZDWHU
DQGVRPHRWKHUVDOLQHIRUPDWLRQ7KHUHODWLRQVKLSEHWZHHQ7'6
DQG1D1D&D EDVHG RQ*LEEV¶ ERRPHUDQJ *LEEV 
DOVR VXJJHVW WKDW WKH JURXQGZDWHU V\VWHPVPLJKW KDYH DFTXLUHG
WKHLUFKHPLVWULHVWKURXJKURFNZHDWKHULQJDQGGLOXWLRQSURFHVVHV
7KH 6FKHROOHU LQGH[ DQDO\VLV FRQGXFWHG RQ WKH LRQLF GDWD
LQGLFDWHGERWKQHJDWLYHDQGSRVLWLYHLQGHFHVVXJJHVWLQJDFDWLRQ





$ SORW RI WKH LVRWRSLF UHVXOWV RI WKH JURXQGZDWHU WRJHWKHU ZLWK
VHDZDWHU VDPSOHV IURP WKH *XOI RI *XLQHD $WODQWLF 2FHDQ LQ
UHODWLRQWRWKH*OREDO0HWHRULF:DWHU/LQH*0:/DIWHU&UDLJ















7KH UHVXOWV RI WKH YDULRXV DQDO\VHV FDUULHG RQ WKH GLIIHUHQW
JURXQGZDWHU V\VWHPV LQGLFDWH YDULDEOH TXDOLW\ FKDUDFWHULVWLFV
ZKLFK VKRZ D JHQHUDO UHIOHFWLRQ LQ WKH GHSWK ORFDWLRQ RI WKH
DTXLIHUV7KHFKDUDFWHULVWLFVRIWKHYDULRXVLRQLFUDWLRVDVZHOODV
WKH VWDEOH LVRWRSH UHVXOWV LQGLFDWHG WKDW WKH YDULDEOH TXDOLWLHV RI
WKH JURXQGZDWHUV LQ WKH VWXG\ DUHD PLJKW EH GXH WR SURFHVVHV


































:H H[SUHVV RXU VLQFHUH JUDWLWXGH WR WKH 'DQLVK ,QWHUQDWLRQDO






$SSHOR&$- 3RVWPD' *HRFKHPLVWU\ JURXQGZDWHU DQG
SROOXWLRQ%DONHPD5RWWHUGDP
%DUFHORQD0*LEE-3+HOIULFK-$*DUVNH((3UDFWLFDO
JXLGH IRU JURXQGZDWHU VDPSOLQJ ,OOLQRLV 6WDWH :DWHU 6XUYH\
,6:6&RQWUDFW5HSRUW
&ODDVHQ+&*XLGHOLQHVDQGWHFKQLTXHVIRUREWDLQLQJZDWHU
VDPSOHV WKDW DFFXUDWHO\ UHSUHVHQW WKH ZDWHU TXDOLW\ IRU DQ
DTXLIHU86*HRORJLFDO 6XUYH\2SHQ)LOH5HSRUW  
SS
&UDLJ +  ,VRWRSH YDULDWLRQV LQ PHWHRULF ZDWHU 6FLHQFH

'DQVJDDUG :  6WDEOH LVRWRSH LQ SUHFLSLWDWLRQ 7HOOXV






3LSHU $0  $ JUDSKLF SURFHGXUH LQ WKH JHRFKHPLFDO
LQWHUSUHWDWLRQRIZDWHUDQDO\VHV$PHULFDQ*HRSK\VLFDO8QLRQ
7UDQVDFWLRQ
=XEDUL :.  7KH 'DPPDP DTXLIHU LQ %DKDUDLQ ±



























$ E V W U D F W   $ORQJWKHFRDVWRIVRXWKHDVWHUQ6LFLO\IURP$XJXVWDWR*HODWKHUHDUHFRDVWDODTXLIHUVFRQVWLWXWHGE\FDUERQDWHDQG












7KH SUHVHQFH RI FRDVWDO DTXLIHUV FRQVWLWXWHG E\ FDUERQDWH DQG
YROFDQLFURFNVKDVEHHQQRWLFHGDORQJ WKHFRDVWRIVRXWKHDVWHUQ
6LFLO\IURP$XJXVWDWR*HOD7KHVHDTXLIHUVDUHVLWXDWHGLQWKDW
SDUW RI 6LFLO\ FDOOHG ³+\EODHDQ UHJLRQ´ZKLFK LV D SDUW RI WKH
$IULFDQIRUHODQG
7KH FROOLVLRQ EHWZHHQ WKH$IULFDQ FRQWLQHQWDO SODWH DQG WKH
(XURSHDQRQHFDXVHVUHPDUNDEOHWHFWRQLFHIIHFWVLQWKLVDUHDWKH\
DUH FKDUDFWHUL]HG E\ IDXOWV WKDW GHOLPLW D FRPSOH[ V\VWHP RI
KRUVWV DQG JUDEHQV 7KLV SKHQRPHQRQ KDV DIIHFWHG LQ
GHWHUPLQDQW ZD\ WKH VWUXFWXUH RI WKH SUHVHQW DTXLIHUV DQG WKH
UHODWLRQVZKLFKKDYHEHHQHVWDEOLVKHGDPRQJWKHVDPHDTXLIHUV
6HFRQGO\ WKH WHFWRQLF VWUHVVHV KDYH FDXVHG DZLGH IUDFWXUHG
HQYLURQPHQWZKLFKKDVGHWHUPLQHGWKHIRUPDWLRQRIDVHFRQGDU\
SHUPHDELOLW\ LQ KDUG URFNV ERWK YROFDQLF DQG FDUERQDWH URFNV
SURPRWLQJDYHU\GHYHORSHGNDUVWLILFDWLRQLQWKHFDUERQDWHURFNV
7KH PHWHRURORJLFDO FRQGLWLRQV LQ WKH SDVW FRQWULEXWHG D ORW




RI PDQ\ PDUO\ LQWHUFDODWLRQV ZLWKLQ WKH FDUERQDWH OD\HUV KDV
ORFDOO\VORZHGGRZQWKHGHYHORSPHQWRINDUVWLILFDWLRQ




ODUJH VSULQJV ZKRVH GLVFKDUJH
YDULHG FRQVLGHUDEO\ GXULQJ WKH
UDLQ\ SHULRGV $ ORW RI VSULQJV
VSRXWHG GLUHFWO\ IURP WKH VHD
DQGZDVNQRZQDV³EXJOL´
6RPH RI WKHVH VSULQJV
RZLQJWRWKHLUVSHFLILFIHDWXUHV
KDYH EHHQ VWULNLQJ WKH ORFDO
SHRSOH IRU PLOOHQQLD DQG WKH
SRHWV DQG JHRJUDSKHUV KDYH
EHHQ PDNLQJ HWHUQDO WKHVH
VSULQJV ZKLFK DUH HQWHULQJ LQ
WKH P\WKRORJ\ 7KH VSULQJV
FDOOHG³&LDQH´ZRXOGKDYHEHHQ
Q\PSKHV DOVR WKH $UHWXVD
VSULQJ IORZLQJ IURP WKH VPDOO
LVODQG RI 2UWLJLD VLWXDWHG LQ
IURQW RI 6\UDFXVH ZRXOG KDV
EHHQQ\PSK
5HDOO\ WKH VXSSO\ RI WKLV
EHDXWLIXOVSULQJLVGXHWRDIDXOW
DOORZLQJ WKH UHFOLPELQJ RI WKH














FXOWLYDWLRQV LQ JUHHQKRXVHV RQ ODUJH ]RQHV WKHUH LV DOVR D
UHPDUNDEOH LQFUHDVH RI WKH WRZQ SODQQLQJ VHWWOHPHQWZKLFK KDV
WUDQVIRUPHG WKH VPDOO ILVKLQJ YLOODJHV LQWR EORRPLQJ WRXULVW
EDWKLQJVPDOOWRZQV
,Q VRPH ]RQHV SUHFLVHO\ LQ $XJXVWD3ULROR6\UDFXVH DQG
*HOD ]RQHV VRPH ODUJH SHWURFKHPLFDO LQGXVWULHV DUH VHWWOHG





H[SORLWHG LUUDWLRQDOO\ KDV FDXVHG WKH GHSUHVVLRQV RI WKH




)LJV   HQWHUHG WKH FRDVWDO DTXLIHUV IRU D ORW RI NLORPHWHUV
ZLWKLQ WKH VKRUHOLQH0RUHRYHU
WKH SROOXWLRQ LV DGGHG DQG
VXSHULPSRVHG WR WKH VHDZDWHU
LQWUXVLRQ
7KH SROOXWLRQ FDQ EH
SURGXFHG E\ SHVWLFLGHV DQG




WKH OHDNDJH RI WKHP IURP WKH
UHVHUYRLUVRIWKHORFDOLQGXVWU\
7KH 81(6&2 ,$($ DQG
3DOHUPR 8QLYHUVLW\ DUH
ILQDQFLQJ D UHVHDUFK SURMHFW IRU
WKH DQDO\VLV RI WKH DERYH
PHQWLRQHG SKHQRPHQD




FXUUHQW GHJUDGDWLRQ VWDWH RI WKH
ZDWHUWDEOHDQGWU\WRUHVWRUHWKH
RULJLQDO FRQGLWLRQV RI WKH
XQGHUJURXQG ZDWHU IORZ ,Q
RUGHU WR GR LW VRPH DUWLILFLDO
UHFKDUJH ZRUNV RI WKH ZDWHU
WDEOHV E\ LQMHFWLRQ KDYH EHHQ
SODQQHG DQG SDUWLDOO\ WHVWHG
7KHVH ZRUNV ZLOO XVH WKH IORRG
ZDWHU ZKLFK FRQFHQWUDWH LQ WKH







$XUHOL $ $XUHOL *ULIHR $
 6DOWZDWHU LQWUXVLRQ LQ D
FRDVWDO DTXLIHU VXEMHFW WR
RYHUH[SORLWDWLRQ DQ WR DUWLILFLDO
UHFKDUJH ± WK 6DOW :DWHU
,QWUXVLRQ0HHWLQJ'HOIWPDJJLR
 ± GHOIW 8QLYHUVLW\ RI
WHFKQRORJ\SS
$XUHOL $ *DWWL $3
.KROFKWFKHYQLNRYD(=DQRQL0
 3URMHW G¶HWXGHV HW
G¶LQWHUYHQWLRQVSRXU OD UHFKDUJH
HW OD SURWHFWLRQ GH O¶DTXLIHUH
FRWLHU GDQV OD SODLQH GH 3ULROR
6LUDFXVH 6LFLOH,WDOLH ±
6HPLQDLUH VXU OD SURWHFWLRQ GX
VRO HW GHV DTXLIHUHV FRQWUH OD
SROOXWLRQ GH VRXUFH QRQ
SRQFWXHOOH0DGULGRFWREUH
± 8QLWHG 1DWLRQV (FRQRPLF
&RPPLVVLRQ IRU (XURSH
:$7(56(05SS
$XUHOL $  7KH$XJXVWD¶V
FRDVWDO DTXLIHUV (DVWHUQ6LFLO\
,WDO\±81(6&2*URXQGZDWHU
SUREOHPV LQ &RDVWDO DUHDV




DFTXLIHUR FDUERQDWLFR VRYUDVIUXWWDWR ± ,9 &RQJU GL
*HRLQJHJQHULD ³'LIHVD H YDORUL]]D]LRQH GHO VXROR H GHJOL

















$ E V W U D F W   *HQHUDOO\ JURXQGZDWHU LQ KDUG URFN UHJLRQV LV ORZ PLQHUDOL]HG H&   6FP DQG RI ELFDUERQDWHW\SH
$QWKURSRJHQLFFRQWDPLQDWLRQFKDQJHVK\GURFKHPLFDOFRQGLWLRQVUHVXOWLQJLQZDWHURIQLWUDWHFKORULGHRUVXOSKDWHW\SHZLWKKLJKHU
PLQHUDOL]DWLRQ'HVSLWH LQFUHDVHGH&YDOXHV FRPPRQTXDOLW\ HVWLPDWLRQV VXFKDV LRQEDODQFHFDQQRWEH UHDOL]HGRQ WKHXVXDOZD\
EHFDXVH WROHUDEOH HUURU UDQJHV DUH PRVWO\ WRR KLJK $SDUW IURP DQDO\WLFDO SUREOHPV WKH GHVFULSWLRQ RI ORZPLQHUDOL]HG ZDWHUV LV







0DMRU REMHFWLYH RI WK IUDPHZRUN (8SURMHFW /2:5*5(3
/DQGVFDSHXVH2SWLPLVDWLRQ:LWK5HJDUGV RI WKH*URXQGZDWHU
5HVRXUFHV 3URWHFWLRQ LQ WKH PRXQWDLQ KDUGURFN DUHDV ZDV WKH
SURYLVLRQ RI GDWD IRU DQ RSWLPL]HGZDWHUPDQDJHPHQW RIZDWHU
UHVRXUFHV LQKDUGURFN DUHDV7KH ILUVWSURMHFWSKDVH IRFXVHGRQ
WKHGHVFULSWLRQRIK\GURFKHPLFDOVLWXDWLRQDWHDFKWHVWUHJLRQ$OO
DYDLODEOHSK\VLFRFKHPLFDOLQIRUPDWLRQDQGGDWDIURPILHOGDQG











DQG FDWLRQV$FFRUGLQJ WR JXLGHOLQHV RI WKH*HUPDQ DVVRFLDWLRQ
IRU ZDWHU PDQDJHPHQW ZDVWH ZDWHU DQG ZDVWH '9:. 
WROHUDEOH HUURUV IRU ORZPLQHUDOL]HG ZDWHU UDQJH XS WR  IRU
WRWDO PLQHUDOL]DWLRQ XS WR  PPRO HT/ *HQHUDOO\ UHVXOWV RI
K\GURFKHPLFDO LQYHVWLJDWLRQVPDGH DW/2:5*5(3WHVW UHJLRQV
SRLQWWRJRRGGDWDTXDOLW\IRUZDWHUZLWKDQWKURSRJHQLFLPSDFWV
7KHVHVDPSOHVKDYHDQLQFUHDVHGPLQHUDOL]DWLRQ6FP



















)LJXUH  ,RQEDODQFH VLWXDWLRQ LQ ZDWHU VDPSOHV KDUG URFN
DUHDV

,Q FRPSDULVRQ DQDO\VLVZKR GLG QRW SDVV LRQEDODQFH FKHFN DUH





D EURDG VSHFWUXP EHWZHHQ  WR ± 2Q WKH ILUVW YLHZ
ELFDUERQDWH VHHPV WKH UHVSRQVLEOHSDUDPHWHU IRUPRVWDQDO\WLFDO
SUREOHPVGXHWRLWVSUHGRPLQDQFHLQPRVWJURXQGZDWHUZLWKH&
YDOXHV EHORZ 6FP DQG LWV FRPPRQ ILHOG VFUHHQLQJ
GHWHUPLQDWLRQPHWKRGRI WLWUDWLRQ%HQGHU DQG:RKQOLFK 
VKRZHG WKDW WHPSRUDO IOXFWXDWLRQV RI WRWDO PLQHUDOL]DWLRQ DUH
FRQWUROOHGE\PDMRULRQVIRUJURXQGZDWHULQKDUGURFNDUHDV'XH
WR ILHOG WLWUDWLRQ SURFHGXUH LQ FRPELQDWLRQ ZLWK FRQFHQWUDWLRQV
EHORZPJ/DQDO\WLFDOFRQILGHQFHLQWHUYDOVUDQJHEHWZHHQ
DQG  FRUUHVSRQGLQJ ZLWK  WR  RI WRWDO QHJDWLYH
HTXLYDOHQWFRQFHQWUDWLRQ&RPSDULVRQRIWZRVHOHFWHGZDWHUW\SHV
IURPWKH%DYDULDQ)RUHVWILJVKRZGLIIHUHQWTXDOLW\VWDQGDUGV





















)RU ZDWHU VDPSOH H&  6FP WROHUDQFH OHYHOV IRU DOO
GHWHUPLQHG LRQV DUH RQ D VDPH OHYHO %XW IRU ORZ PLQHUDOL]HG
ZDWHUELFDUERQDWHLQFUHDVHLWVOHYHOVRIWROHUDQFH7KLVPHDQVWKDW
WKHKLJKHUH&YDOXHV LQKDUG URFNUHJLRQVDUH WKHPRUHDFFXUDWH








5HODWLRQEHWZHHQ FRVWV DQGSUHFLVLRQRI DQDO\WLFDOPHWKRGV LV D
PDMRU IDFWRU OLPLWLQJ K\GURFKHPLFDO LQYHVWLJDWLRQV %HQGHU DQG
:RKQOLFK  GLVFXVVHG DGYDQWDJHV DQG GLVDGYDQWDJHV RI
VWDQGDUG DQDO\WLFDO PHWKRGV IRU ILHOG LQYHVWLJDWLRQV %XW VDPH
SUREOHPV H[LVW LQ ODERUDWRU\ WRR:KHUHDV SUHGRPLQDQW K\GUR














































GLVVROYHG VSHFLHV DSSHDU DW FRQFHQWUDWLRQ OHYHOV QHDU RU EHORZ
GHWHFWLRQ OLPLW ;1 RI VWDQGDUG SURFHGXUHV %HVLGHV SURSRU
WLRQDOO\ LQFUHDVHG LQWHUYDOVRI FRQILGHQFH IXUWKHUSUREOHPVDULVH
DW HYDOXDWLRQ RI GDWD &RQFHUQLQJ WKHUPRG\QDPLF PRGHOLQJ
VWDWLVWLF HYDOXDWLRQRUXVLQJDGDWDEDVH V\VWHPPDLQ LQWHUHVW LV
KRZWRWUHDWK\GURFKHPLFDOGDWDEHORZGHWHFWLRQOLPLWZKHUHQR
H[DFWYDOXHLVDYDLODEOH-RQHNDQG3ULQ]OLVWHGIRXUGLIIHU
HQW SURFHGXUHV WR ZRUN ZLWK VXFK FRQFHQWUDWLRQV F ([WUHPH
VROXWLRQ PHWKRGV OLH EHWZHHQ F  DQG F  ;1 8VLQJ WKH ILUVW
PHWKRG DOO WKHUPRG\QDPLF FDOFXODWLRQV DUH OLPLWHG WR D ORZHU
QXPEHURI VSHFLHVDQGSKDVHV6HFRQGPHWKRGRYHUHVWLPDWHVDOO
ORZ YDOXHV FRPSDUHG WR ZKROH GDWD SRRO )RU *HUPDQ
/2:5*5(3ZRUN WKH FRPSULVH RI KDOI DPRXQW RI GHWHFWLRQ
OLPLW LV XVHG WR DYRLG RYHUHVWLPDWLRQ RI ILFWLWLRXV GDWD DQG WR
DOORZWKHUPRG\QDPLFFDOFXODWLRQVEDVHGRQWUDFHFRPSRXQGV
7KHHIIHFWRIXVLQJQRRUILFWLYHGDWDGLIIHUHQW;1YDOXHVIRU
)HWRW DQG $OWRWFRQWHQW LQ D GDWD SRRO EHFRPH DSSDUHQW DW
FDOFXODWLRQV XVLQJ SURJUDP FRGH 3+5((4& 3DUNKXUVW 
8VLQJRI;1 UHVXOWVLQDQH[FOXVLRQRIDOOVSHFLHVDQGSKDVHV























HQDEOHV WKHUPRG\QDPLF FDOFXODWLRQV ZLWK SUHGRPLQDQW )H DV







LQ GLIIHUHQW FRQFHQWUDWLRQV $GGLQJ D QHZ VSHFLHV WR LQSXW ILOH
HQDEOHV DGGLWLRQDO SRWHQWLDO DTXDWLF FRPSOH[HV LQ VSHFLHV
GLVWULEXWLRQKHUH>)H62@DTDQG>$O62@DT'XHWRDGGLWLRQRID
VHFRQGRUPXOWLSOH WUDFHHOHPHQWV VHTXHQFHRIGLVWULEXWLRQSDUWV






(VWLPDWLRQ RI GDWD TXDOLW\ GHILQLQJ K\GURJHRORJLFDO VLWXDWLRQ LQ
UHJLRQV ZLWK ORZ PLQHUDOL]HG ZDWHU LV FRQWUROOHG E\  ILHOG
GHWHUPLQDWLRQ PHWKRG RI SUHGRPLQDQW GLVVROYHG DQLRQ EL
FDUERQDWHDQGWKHQXPEHURIGLVVROYHGFDWLRQVDQGDQLRQVZLWK
FRQFHQWUDWLRQV QHDU GHWHFWLRQ OLPLWV 8VDJH RI PRUH DFFXUDWH



























WR ILFWLYH LQIRUPDWLRQ LQ GDWD SRRO 7KHPRUH ILFWLYH GDWDZHUH
XVHG WKH OHVV LV WKH H[SUHVVLRQ RI UHVXOWV )RU HYDOXDWLRQ RI
LQIRUPDWLRQ LW PXVW EH ZHLJKWHG ZKLFK UHVXOWV FDQ EH XVHG WR













/DERUDWRU\0HDVXUHPHQWV IRU +\GURFKHPLFDO )LHOG0DSSLQJ
,Q *RWWOLHE - +|W]O + +XFN . 1LHVVQHU 5 HGV )LHOG
6FUHHQLQJ (XURSH 3URF VW ,QW &RQI RQ 6WUDWHJLHV DQG
7HFKQLTXHV IRU ,QYHVWLJDWLRQDQG0RQLWRULQJRI&RQWDPLQDWHG
6LWHV
%HQGHU 6:RKQOLFK 6  7HPSRUDO YDULDWLRQV RI SK\VLFR
FKHPLFDO SDUDPHWHUV LQ WKH FDWFKPHQWRI WKH VSULQJV\VWHPVRI




*UXQGZlVVHU LP .ULVWDOOLQ GHU 2EHUSIDO]%D\HUQ 0QFKHQHU
*HRO+HIWH%SS
'9:.  (PSIHKOXQJHQ ]X8PIDQJ ,QKDOW XQG*HQDXLJ
NHLWVDQIRUGHUXQJHQ EHL FKHPLVFKHQ *UXQGZDVVHUXQWHUVXFK
XQJHQ'9:.5HJHOQ]XU:DVVHUZLUWVFKDIW+HIWSS
-RQHN03ULQ]51XW]XQJVXQGUDXPVSH]LILVFKH+LQWHU




DQG ,QYHUVH *HRFKHPLFDO &DOFXODWLRQV :DWHU5HVRXUFHV
,QYHVWLJDWLRQV5HSRUWSS
9RUQHKP&K%HQGHU6:RKQOLFK6*HRFKHPLFDO]RQLQJ
RI VRLO DQG JURXQGZDWHU GXH WR DWPRVSKHULF GHSRVLWLRQ 3URF
















































































$ E V W U D F W   $ VWXG\ZDVFDUULHGRXW RQ WKHSRVVLELOLW\RI VHDZDWHU LQWUXVLRQ LQ WKH8OVDQ DUHD6RXWK.RUHDXVLQJ DQDO\VHG
JURXQGZDWHU GDWD0D[LPXP&O FRQFHQWUDWLRQ RI PJ/ZDV GHWHFWHG QHDU GRZQVWUHDPRI WKH7DHKZD5LYHUZKHDUHDV HDVW
FRDVW RI WKH VWXG\ DUHD FRPSRVHG RI JUDQLWH VKRZHG UHODWLYHO\ ORZ &O FRQFHQWUDWLRQ %U&O ZHLJKW UDWLRV IURP  JURXQGZDWHUV
UDQJLQJIURP[WR[LQGLFDWLQJWKDWPRVWRIWKHJURXQGZDWHULVLQIOXHQFHGE\DQWKURSRJHQLFFRQWDPLQDWLRQ7R
FRPSDUH WKH UHODWLRQVKLS RI PDMRU LRQLF UDWLRV RI JURXQGZDWHU WR VHDZDWHU  JURXQGZDWHU VDPSOHV ZLWK FKORULGH FRQFHQWUDWLRQV
JUHDWHU WKDQPJ/ZHUHVHOHFWHG([FHSWIRU1D.&O%UPDMRU LRQLFUDWLRVRI WKHJURXQGZDWHUZDVGLIIHUHQW IURPWKDWRI
VHDZDWHU7KHPRODUUDWLRVRI1D&O&D&O0J&ODQG62&ORIJURXQGZDWHUUDQJLQJ윟윟윟












7KH VWXG\ DUHD LV ORFDWHG LQ WKH VRXWKHDVWHUQ SDUW RI .RUHD
SHQLQVXODDQGGHQVHO\SRSXODWHG7KHUHIRUHLWLVDQWLFLSDWHGWKDW
D SRVVLELOLW\ RI VHDZDWHU LQWUXVLRQ H[LVWV ,W LV DOUHDG\ UHSRUWHG
WKDW PD[LPXP &O FRQFHQWUDWLRQ RI  PJ/ IURP WKH
JURXQGZDWHUQHDUWKH7DHKZD5LYHU.,*$0LQWKHVWXG\








DQG UHODWLYHO\ VWHHS UHOLHI LQ WKH QRUWKHDVWHUQ SDUW 7KH PDLQ
ULYHUWKH7DHKZD5LYHUIORZVIURPWKHZHVWWRWKHHDVWHQWHULQJ
WKH 8OVDQ ED\ 7KH PDLQ WULEXWDU\ RI WKH 7DHKZD 5LYHU LV WKH
'RQJFKXQVWUHDP7KHVWUHDPIORZVIURPWKHQRUWK WR WKHVRXWK
DQG UHDFKHV WKH 7DHKZD 5LYHU 7KH PD[LPXP WKLFNQHVV RI
DOOXYLXPDURXQGWKHMRLQLQJDUHDLVP.,*$00RVW
RI WKH DUHD LV FRPSRVHG RI &UHWDFHRXV VHGLPHQWDU\ URFNV DQG
JUDQLWH
7KH FLW\ZDV EHJDQ WR GHYHORS IURP WKH IODW DUHDZKHUH WKH
VWUHDP MRLQV WKH ULYHU %HIRUH GHYHORSPHQW RI WKH FLW\ WKH IODW
DUHDDURXQGWKH7DHKZD5LYHUZDVXVHGDVVDOWZRUNVPDUVKDQG
DEDQGRQHG ODQG 7KH SRSXODWLRQ RI WKH VWXG\ DUHD ZDV DERXW
 LQ7KHPDLQ LQIORZV WR WKHDUHDDUHSUHFLSLWDWLRQ
DQGOHDNDJHIURPGULQNLQJZDWHUQHWZRUNDQGVHZHU7KHDYHUDJH
UDLQIDOO RYHU WKH SDVW  \HDUV LV  PP\ .,*$0 







$SULO WR0D\RI WRGHFUHDVHPL[LQJHIIHFWVRI UDLQZDWHU
$WILHOGJURXQGZDWHUVDPSOHVZHUHFROOHFWHGDW OHDVW ILYHWR WHQ
PLQXWHVRISXPSLQJWRHYDFXDWHPRUHWKDQWKUHHWRILYHWLPHVRI
WKH ERUHKROH VWRUDJH %DUFHORQD HW DO  6DPSOHV ZHUH
ILOWHUHG LQ WKH ILHOG ZLWK D KDQGKHOG V\ULQJH XVLQJ  P
PHPEUDQH ILOWHUV $OO VDPSOLQJ ERWWOHV ZHUH ZDVKHG ZLWK GH
LRQL]HGZDWHUDQGDJDLQZLWKILOWHUHGVDPSOHZDWHUV7KH.,*$0
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$OWKRXJK WKH XVH RI %U&O UDWLRV LV REYLRXVO\ QRW D JHQHUDO
SDQDFHDIRUDOOLQWUDFWDEOHTXHVWLRQVLQK\GURJHRORJ\'DYLVHWDO
 EURPLGH DQG FKORULGH DUH JRRG LQGLFDWRUV EHFDXVH ERWK
LRQVDUHFKHPLFDOO\FRQVHUYDWLYHLQQDWXUDODTXHRXVHQYLURQPHQWV
)HWWHU  6LPLODU%U&O UDWLRV LQ JURXQGZDWHU DQG VHDZDWHU
ZRXOG LQGLFDWH WKDW WKH VHDZDWHU LV WKH VRXUFH RI WKH FKORULGH
'LVVLPLODUUDWLRVLQJURXQGZDWHUDQGVHDZDWHUZRXOGLQGLFDWHWKDW




DQG EURPLGH FRQFHQWUDWLRQV LQ VHDZDWHU VDPSOHG DW HDVWHUQPRVW
DUHPJ/DQGPJ/ VKRZLQJVOLJKWO\KLJKHU WKDQ WKH
DYHUDJH FRQWHQWV RI VHDZDWHU 7KH FKORULGH FRQFHQWUDWLRQ IURP
 JURXQGZDWHU UDQJHV EHWZHHQ  DQG PJ/ 7DE
7KHKLJKFKORULGHFRQWHQWVZHUHIRXQGLQWKHIODWDUHDDURXQGWKH
7DHKZD5LYHU)LJ
7KH %U&O UDWLRV DQG FRUUHVSRQGLQJ &O FRQFHQWUDWLRQV IURP
WKHJURXQGZDWHUKDYLQJ%UFRQWHQWVPRUHWKDQPJ/DQG





E\ OHDNDJH RI VHZDJH ZDWHU 9HQJRVK DQG 3DQNUDWRY 
*URXQGZDWHUKDYLQJ&OFRQFHQWUDWLRQVPRUHWKDQPJ/DOVR
GHYLDWHV IURP WKH NQRZQ VHDZDWHU %U&O UDWLR RI [
7KHUHIRUHHYHQWKRXJKDSDUWRIWKHDUHDLVORFDWHGQHDUFRDVWDQG
UHSRUWHG&OFRQWHQWVDUHDVKLJKDVPJ/ LWDSSHDUV WKDW
WKH KLJK &O LQ JURXQGZDWHU ZDV QRW GLUHFWO\ LQIOXHQFHG E\
VHDZDWHU
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0DMRU LRQLF UDWLR RI  JURXQGZDWHU VDPSOHV KDYLQJPRUH WKDQ






VHDZDWHU 7KH\ UDQJ EHWZHHQ   









'DYLV 61 :LWWHPRUH '2 0DUWLQ -)  8VH RI
FKORULGHEURPLGH UDWLRV LQ VWXGLHV RI SRUWDEOH ZDWHU
*URXQGZDWHU
)HWWHU &:  &RQWDPLQDQW K\GURJHRORJ\ 1HZ <RUN
0DFPLOODQ3XEOLVKLQJ&RSS
+HP -'  6WXG\ DQG LQWHUSUHWDWLRQ RI WKH FKHPLFDO
FKDUDFWHULVWLFV RI QDWXUDO ZDWHU UG HG 86 *HRORJLFDO
6XUYH\ZDWHU6XSSO\3DSHUSS




9HQJRVK $ 3DQNUDWRY ,  &KORULGHEURPLGH DQG FKORULGH
DQGIOXRULGHUDWLRVRIGRPHVWLFVHZDJHHIIOXHQWVDQGDVVRFLDWHG
FRQWDPLWHGJURXQGZDWHU*URXQGZDWHU
















































7KH K\GURWKHUPDO (XJDQHDQ DUHD H[WHQGV RQ D SODLQ EDQG RI
DERXW  NP LPPHGLDWHO\ HDVW RI WKH (XJDQHDQ +LOOV )LJ
FRPSULVLQJ WKH WHUULWRULHV RI$EDQR7HUPH0RQWHJURWWR7HUPH
%DWWDJOLD 7HUPH DQG*DO]LJQDQR 7HUPH ,Q WKLV DUHD DERXW 






)LJXUH  6WUXFWXUDO VLWXDWLRQ RI JHRWKHUPDO DUHD IURP
$QWRQHOOLHWDO
0RVW RI WKHVH H[SORLWDWLRQZHOOV H[WHQG IRU VHYHUDO KXQGUHG
PHWHUV LQWREHGURFNKRZHYHUZHOO FDVLQJ LVRQO\SODFHG LQ WKH
TXDWHUQDU\ FRYHU 7KH ZHOO GHSWKV UDQJH IURP DERXW  P WR





$ FRQFHSWXDOPRGHO RI WKH(XJDQHDQ JHRWKHUPDO EDVLQZDV
ILUVW SUHVHQWHG E\ 3LFFROL HW DO  DQG LW KDV UHFHQWO\ EHHQ
FRQILUPHGE\'DO3LD]HWDO7KLVJHRWKHUPDOV\VWHPKDV
LWV UHFKDUJH ]RQH ORFDWHG LQ WKH SUH$OSLQH DUHD 3LFFROH
'RORPLWLZKHUHPHWHRULFZDWHUVLQILOWUDWHDWDERXWPDVO
UHDFKLQJ D GHSWK RI PRUH WKDQ  P ZKHUH WKH\ DUH
WKHUPDOL]HGE\DQRUPDOJHRWKHUPDOJUDGLHQW)URPWKLVUHFKDUJH
]RQHWKHZDWHUVGHVFHQGVRXWKHDVWZDUGVIRUURXJKO\NP
XQWLO UHDFKLQJ WKH$EDQRDQG0RQWHJURWWR DUHDV5HFHQW VWXGLHV
QRZ LQ SURJUHVV UHJDUGLQJ WKH UHVLGHQFH WLPH RI WKH (XJDQHDQ




IDYRUDEOH WHFWRQLF FRQGLWLRQV )LJ 3DUWLFXODUO\ LQ WKH$EDQR
DQG 0RQWHJURWWR ILHOGV WKH IOXLGV ULVH IURP ORFDOL]HG GHHS




ULVH DJDLQ LQWR WKH DOOXYLDO FRYHU XQWLO VRPH  P IURP WKH
VXUIDFH HYHQWXDOO\ PL[LQJ ZLWK WKH FROG ZDWHU SUHVHQW LQ WKH
TXDWHUQDU\ FRYHU ,Q ILJ D JHRORJLFDO FURVVVHFWLRQ RI WKH
JHRWKHUPDO (XJDQHDQ DUHD LV UHFRQVWUXFWHG E\ JHRORJLFDO
VWUXFWXUDO OLWKRVWUDWLJUDSKLF NQRZOHGJH DQG E\ JHRSK\VLFDO
LQYHVWLJDWLRQVLQWKHVXEVRLOEHWZHHQWKH(XJDQHDQ+LOOVDQGWKH
FLW\ RI 3DGRYD 7KH VWUXFWXUDO VLWXDWLRQ LV FRQQHFWHG ZLWK WKH
DFWLYLW\RI WKHH[WHQVLRQDO WHFWRQLFVFRQWUROOHGE\GLIIHUHQW IDXOW








LQ WKH GHHSHU DQG PRUH UHFHQWO\ GULOOHG ZHOOV DQG LQ WKH RWKHU
ZHOOV P LQ GHSWK VKRZV D YHU\ GLIIHUHQW SLH]RPHWULF
OHYHO EXW WKH SLH]RPHWULF YDULDWLRQ RI DUWHVLDQ ZHOOV LV LQ
DJUHHPHQW ZLWK WKH VHDVRQDO DUWLILFLDO YDULDWLRQ GXH WR
H[SORLWDWLRQ VKRZLQJ DK\GUDXOLF FRQQHFWLRQEHWZHHQGLIIHUHQW
DTXLIHU ]RQHV 7KXV DOO WKH ZHOOV DUH WKRXJKW WR SURGXFH ZDWHU
IURPGLIIHUHQWOHYHOVRIWKHVDPHWKHUPDODTXLIHU7KHZDWHUOHYHO
GLIIHUHQFHV DUH OLQNHG WR WKH KLJK H[SORLWDWLRQ RI WKH VKDOORZHU
FDUERQDWLF UHVHUYRLU HVVHQWLDOO\ ORFDWHG LQ WKH ³%LDQFRQH´ IP
DQG WR LWV PRGHVW WUDQVPLVVLYLW\ JHQHUDOO\ UDQJLQJ IURP 
PGD\ WR  PGD\ )DEEUL  $ VLPLODU K\GUDXOLF
FRQQHFWLRQZDV LGHQWLILHG LQ WKH VDQG\DTXLIHUDW DERXWP LQ
GHSWKLQWKHTXDWHUQDU\FRYHU$QWRQHOOLHWDO,QIDFW LWV
SLH]RPHWULFOHYHOKDVWKHVDPHUHJLPHDVWKHURFN\DTXLIHUEXWLW
LV RQO\ D IHZPHWHUV EHORZ WKH VXUIDFH 7KXV LW LV SRVVLEOH WR
DIILUP WKDW DOO WKH GLIIHUHQW SURGXFWLYH OHYHOV LQ WKH JHRWKHUPDO
DTXLIHU IURPGHSWKV RI  WR P DUH ORFDOO\ LQWHUFRQQHFWHG





7KH  GDWD RI WHPSHUDWXUHV FRQVLGHUHG LQ WKLV SDSHU FRQFHUQ
RQO\WKHVKDOORZHUFDUERQDWLFUHVHUYRLUUDQJLQJIURPWR
PLQGHSWK
,Q SHUIRUPLQJ WKH JHRVWDWLVWLFDO DQDO\VLV WKH*6/,%/LEUDU\
'HXWVFKDQG-RXUQHODQG9DULRZLQFRGHV3DQQDWLHU
DUH XVHG )LUVW ZH SHUIRUP DQ LQLWLDO H[SORUDWRU\ VSDWLDO GDWD




VSDWLDO FKDUDFWHULVWLFV 7KH FOXVWHULQJ RI VDPSOHV VXJJHVWV XVLQJ
GHFOXVWLULQJWHFKQLTXHVLQRUGHUWRKDYHDPRUHUHSUHVHQWDWLYHVHW
RIVXPPDU\VWDWLVWLFV7KHQWKHVWXG\FRQWLQXHVZLWKWKHDQDO\VLV
RI WKH FRQWLQXLW\ VWUXFWXUH 9DULRJUDP FORXG DQDO\VLV 3ORQHU
GRHVQRWHYLGHQFHWKHSUHVHQFHRIRXWOLHUVDQGDOORZVIRUD
GHFLVLRQ DV WR ZKLFK ODJ GLVWDQFH VKRXOG EH XVHG WR VWXG\ WKH
GLUHFWLRQDO YDULRJUDPV 7KH VWXG\ RI GLUHFWLRQDO DQG VXUIDFH
YDULRJUDPVVKRZVWKDWWKHFRQWLQXLW\VWUXFWXUHLVDQLVRWURSLFDQG
FDQEHVXPPDUL]HGDVIROORZV:HVHHDPLGGOHVFDOHDQLVRWURSLF
VWUXFWXUH DQLVRWURS\ UDWLRRI ZLWKSULQFLSDOGLUHFWLRQDORQJ
 DQG D ODUJH VFDOH DQLVWURSLF VWUXFWXUH UDWLR  ZLWK











DQQHDOLQJ SURFHGXUH EHFDXVH ZH QHHG D WKHRUHWLFDO YDULRJUDP
ZKLFKH[KDXVWLYHO\GHVFULEHVWKHGDWD¶VFRQWLQXLW\VWUXFWXUH7KLV
LQIHUHQFH SURFHVV LV FRQGXFWHG IRU WKH H[SHULPHQWDO YDULRJUDP
EXW DOVR IRU WKH H[SHULPHQWDO LQGLFDWLYH YDULRJUDP RI WKH
WKUHVKROGRI&7KHH[SHULPHQWDOYDULRJUDPRIWHPSHUDWXUHLV
ILWWHGZLWKDQHVWHGPRGHOFRPSRVHGRIDQXJJHWHIIHFWDQGWZR
DQLVRWURSLF VSKHULFDO PRGHOV 7KH LQGLFDWRU YDULRJUDP RI WKH
& WKUHVKROG LV ILWWHG E\ D QXJJHW HIIHFW DQG DQ DQLVRWURSLF
H[SRQHQWLDOYDULRJUDP
$IWHU WKH YDULRJUDP DQDO\VLV DQG WKH LQIHUHQFH SURFHVV WKH





7KH REMHFWLYH RI FRQGLWLRQDO JHRVWDWLVWLFDO VLPXODWLRQ LV WR
SURGXFH D VHW RI HTXLSUREDEOH UHDOL]DWLRQV KRQRULQJ GDWD YDOXHV
DQG VRPH GHVLUHG SURSHUWLHV )URP WKH DQDO\VLV RI WKHVH
UHDOL]DWLRQVZH FDQ FRPSXWH VSDWLDO DQG ORFDO XQFHUWDLQW\ DERXW
WKH SKHQRPHQRQ EHLQJ VWXGLHG'XH WR WKH LQFRQVLVWHQF\ RI WKH
PXOWLJDXVVLDQK\SRWKHVLVZHGHFLGHWRXVHDVLPXODWHGDQQHDOLQJ
PHWKRG 7KLV WHFKQLTXH LV QRW UHDOO\ D VLPXODWLRQ SURFHGXUH
UHIHUULQJ WRD UDQGRPIXQFWLRQPRGHOEXW UDWKHUDQRSWLPL]DWLRQ
PHWKRG +HUH DQ LQLWLDO UDQGRP VWRFKDVWLF LPDJH RI VSDWLDO




 VLPXODWLRQV RI VSDWLDO GLVWULEXWLRQRI WHPSHUDWXUH DUHPDGH
,Q JHQHUDO ERWK WKH KLVWRJUDP DQG YDULRJUDPV DUH ZHOO
UHSURGXFHG
:H GHULYH VRPH XVHIXO PDSV E\ SRVWSURFHVVLQJ WKH 
VLPXODWLRQVRQHPDSZLWKWKHSUREDELOLW\WKDWWKHWHPSHUDWXUHLQ
WKHJHRWKHUPDO(XJDQHDQDUHDH[FHHGV&WKUHVKROGVDQRWKHU
PDS VKRZLQJ WKH ³(W\SH´ HVWLPDWHV RI WHPSHUDWXUH DQG WKLUG
PDSVKRZLQJWKHVSDWLDOGLVWULEXWLRQRIWKHLQWHUTXDUWLOHUDQJH%\






WKH SUREDELOLW\ RI WKH WHPSHUDWXUH EHLQJPRUH WKDQ & LQ WKH
JHRWKHUPDO(XJDQHDQDUHDLVVKRZQ7KHUHVXOWVRIVLPXODWHG
DQQHDOLQJ VLPXODWLRQV RI WHPSHUDWXUHV LQ WKH JHRWKHUPDO
(XJDQHDQ ILHOG DUH SRVWSURFHVVHG DQG GLVFXVVHG +HUH WKH
LPSRUWDQFH RI GHWDLOHG YDULRJUDSKLF VWXGLHV IRFXVHG XSRQ WKH
VWUXFWXUDO YDULDELOLW\ DQDO\VLV DQG WKH REMHFWLYH ZRUN HJ
WHPSHUDWXUH WKUHVKROGV LV SRLQWHG RXW WKH VWXG\ EHLQJ
DSSURDFKHGIURPDK\GURJHRORJLFDOSRLQWRIYLHZ
)LQDOO\ WKH FKRLFH RI WKH VLPXODWHG DQQHDOLQJ SURFHGXUH
UHSUHVHQWVDJRRG³H[SORLWDWLRQ´RI WKHYDULRJUDPDQGVWDWLVWLFDO
DQDO\VLV
7KHPDSV RI WKH SUREDELOLW\ RI WKH WHPSHUDWXUH EHLQJPRUH





xWKH LGHQWLILFDWLRQ RI D OLWWOH H[SORLWHG ]RQH LQ WKH
0RQWHJURWWRILHOGZLWKDKLJKSUREDELOLW\WKDWWKHWHPSHUDWXUH LV
PRUHWKDQ&DQGDORZLQWHUTXDUWLOHUDQJH
xWKH ORFDOL]DWLRQ RI DUHDV EHWZHHQ WKH $EDQR DQG WKH









$QWRQHOOL 5 )DEEUL 3 ,OLFHWR 9 0DMRUDQD & 3UHYLDWHOOR 3
6FKUHIOHU %$ 6HGHD 5  7KH K\GURWKHUPDO (XJDQHDQ




%DFLQR 7HUPDOH (XJDQHR )LQDO UHSRUW RI UHVHDUFK FRQWUDFW
8QLYHUVLWjGL3DGRYD±5HJLRQH9HQHWR
'HXWVFK &9 -RXUQHO -9  *6/,% *HRVWDWLVWLFDO VRIWZDUH
OLEUDU\DQGXVHU¶VJXLGH2[IRUG8QLYHUVLW\3UHVV1HZ<RUN






3LFFROL HW DO &RQWULEXWR DOOD FRQRVFHQ]D GHO VLVWHPD
LGURWHUPDOH (XJDQHR%HULFR$WWL$FF1D]/LQFHL Y;,
5RPD




9HQHWR ,WDO\ ;9, ,QWHUQDWLRQDO 5DGLRFDUERQ FRQIHUHQFH
*URQLQJHQ1/


































































































$ E V W U D F W   7KH FRQWHQW RI + 2 & 6 IRU VDPSOHV IURP WKH DUHD RI WKH VWXGLHG FKHPRDXWRWURSKLF HFRV\VWHP SURYLGHV
LQIRUPDWLRQDERXWWKLVXQXVXDOO\V\VWHP7KHYDOXHVRIG+DQGG2IURPZDWHUVRIFDYHDUHDLQGLFDWHWKHPHWHRULFRULJLQ7KHG+
DYHUDJH±ÅLQGLFDWHV WKDW WKHPRVW OLNHO\UHFKDUJHDUHDLV ORFDWHGDWKLJKDOWLWXGHDQGLWVGLVFKDUJHLVGXULQJVXPPHU7KHG+
VSDWLDOYDULDWLRQGHOLQHDWHVWKHDUHDVZLWKYHUWLFDO LQIORZDQGWKHIORZSDWKRIJURXQGZDWHU7KHG6IURP+6DQG62SUHVHQWVD
FRQWUDVWWUHQGYHUVXVWKHJHQHUDOWUHQGRIWKHPLFURELDOO\PHGLDWHGLVRWRSLFIUDFWLRQDWLRQ7KHG&IURPFDYHRUJDQLFPDWWHUH[KLELW






7KH VWDEOH LVRWRSHV FRQWHQW RIZDWHUV FROOHFWHG IURP VWXG\ DUHD
SURYLGHG LPSRUWDQW LQIRUPDWLRQ DERXW WKH XQXVXDO VXEWHUUDQHDQ
HFRV\VWHP RI 0RYLOH &DYH WKDW LV EDVHG RQ FKHPRDXWRWURSKLF
FRQGLWLRQV 7KH 0RYLOH &DYH LV FORVHG V\VWHP ZKLFK KDV
JURXQGZDWHUULFKLQ+6PJ/DQGDQDWPRVSKHUHSRRULQ
R[\JHQULFKLQ&2DQGFRQWDLQLQJVLJQLILFDQW
DPRXQW RI&+ 7KHFDYHGHYHORSHG LQWRK\GURJHRORJLF
FRPSOH[ RI 6'REURJHD 5RPDQLD DQG LV ORFDWHG QHDU WKH
0DQJDOLD &LW\ RQO\ IHZ NLORPHWHUV IDU IURP WKH %ODFN 6HD
ILJ&OLPDWHLVVHPLDULGWKHODQGWRSRJUDSK\LVVPRRWKZLWK
ORZ HQHUJ\ 7KH GHWULWLF 3DODHR]RLF IRUPDWLRQ LV RYHUODLQ E\ D
PWKLFNVWDFNRIPDLQO\FDUERQDWHURFNVEHORQJLQJWRWKH
-XUDVVLF WKH &UHWDFHRXV DQG WKH (RFHQH RYHU WKHP WKH
IRVLOLIHURXVOLPHVWRQHVRI6DUPDWLDQDJHKDYHEHHQGHSRVLWHGLQD
WKLFNQHVV RI P P WKLFN ORHVV GHSRVLWV FRYHULQJ
OLPHVWRQHV UHSUHVHQW WKH 4XDWHUQDU\ GHSRVLWV 7KH ORHVV LV






7KH WHFWRQLF VWUXFWXUH LQGLFDWHV WKH IROORZLQJ IDXOWV ILJ
WKH .DUD 2EDQ )DXOW LV RULHQWDWHG RQ 1:6( GLUHFWLRQ VLQNV
WRZDUG 6( H[WHQGV IRU VHYHUDO NLORPHWUHV RIIVKRUH DFURVV WKH
VKHOI DQG LQWHUVHFWV WKH 0RYLOH$XURUD )DXOW LQ WKH 0DQJDOLD
6ZDPS  WKHUPRPLQHUDO XSIORZ ZDWHU RXWOHWV WRWDOOLQJ 
/VKDYHEHHQLGHQWLILHGDORQJLWVSDWK7KHVHWZRIDXOWVDUH





5RFNV FODVVLILHG DFFRUGLQJ WR WKHLU K\GURORJLFDO IXQFWLRQ
LQFOXGH
Î 7KH XQFRQILQHG DTXLIHU LQ WKH 6DUPDWLDQ NDUVWLILHG
OLPHVWRQHV
Î 7KH FRQILQHG DTXLIHU LQ WKH (RFHQH DQG 0HVR]RLF






$V D FRQVHUYDWLYH WUDFHU LQ FDUERQDWH URFNV GHXWHULXP ZDV
XVHGWRGHWHUPLQHWKHXQHOXFLGDWHGSUREOHPVRIWKHZDWHURULJLQ
LQ FDYH7KHDYHUDJHYDOXHRIG+ IRU DOO VDPSOHV LV±Å IRU
WKHPRVWVDPSOHVWKHG+YDOXHVDUHORZHUWKDQÅDQG
LV LVRWRSLFDOO\ PRUH OLJKW WKDQ WKH ZDWHUV IURP WKH VHPLDULG
ORZODQG RI WKH 'REURJHD GLVWULFW RYHU ±Å LQGLFDWLQJ WKDW
WKHLUUHFKDUJHDUHDLVORFDWHGDWKLJKDOWLWXGHILJ7LPHVHULHV
RI WKH GHXWHULXP FRQFHQWUDWLRQ IURP JURXQGZDWHU VDPSOHV ERWK
IURPWKHDTXLIHULQ0HVR]RLFOLPHVWRQHDQGIURPWKHXQFRQILQHG
DTXLIHU LQ6DUPDWLDQ OLPHVWRQH H[KLELW D GLVWLQFW VHDVRQDO HIIHFW
DQG D ORZHU GHXWHULXP FRQFHQWUDWLRQ LQ VXPPHU WKDQ LQZLQWHU
7KLVVL[PRQWKSKDVHVKLIWRIWKHLVRWRSLFFRPSRVLWLRQYDULDWLRQV
ZLWK UHVSHFW WR QRUPDO VXFFHVVLRQ RI VHDVRQDO PD[LPXP DQG
PLQLPXP YDOXHV RI SUHFLSLWDWLRQ DQG ORZHU G+ DYHUDJH YDOXHV
DUHGXHWRWKHFRQWULEXWLRQRIWKHZDWHUVKHGRIWKHPRUHHOHYDWHG
LQODQG IURP WKH 3UHEDONDQ 3ODWHDX GXULQJ VXPPHU 7KH VWXG\
LQGLFDWHVWKDWWKHLQWUXVLRQRIZDWHULQWKHNDUVWRFFXUVE\FRQGXLW
IORZFRQWUROOHGE\ WKHK\GURVWDWLFSUHVVXUHDQG WKHJHRPHWU\RI
FRQGXLW 7KH LQWHUFRQQHFWLRQ EHWZHHQ DTXLIHUV LV SRLQW RXW E\
FRUUHODWLRQEHWZHHQWKHG+YDOXHVDQGWRWDOVDOLQLW\FRQWHQW7KH
ZDWHU RI 0RYLOH &DYH LV WKH UHVXOW RI WKH PL[LQJ RI WZR HQG
PHPEHUVWKDWKDYHGLIIHUHQWK\GURJHQLVRWRSHUDWLRV7KHVSDWLDO
YDULDWLRQ RI WKH GHXWHULXP FRQWHQW GHOLQHDWHG WKH DUHDV ZLWK
YHUWLFDO LQIORZ DQG WKH IORZ SDWK RI JURXQGZDWHU IURP GHHS
DTXLIHU7KHGLVFKDUJHRIWKHGHHSDTXLIHUVRFFXUVWKURXJKIDXOWV
DQG NDUVWLF FKDQQHOV LQWR RYHUO\LQJ DTXLIHU 7KH FDYH DQG WKH
.DUD2EDQ/DNHLVWKHGLVFKDUJHDUHDRIWZRPDLQFRPSRQHQWVRI
JURXQGZDWHUWKHILUVWLVFRPLQJIURPVRXWKZHVWDQGKDVLVRWRSLF
FKDUDFWHULVWLF VLPLODU WR ORZHU DOWLWXGH ZDWHU a P DQG WKH
VHFRQG LV PRYLQJ IURP VRXWKHDVW DQG KDV WKH LVRWRSLF
FRPSRVLWLRQVLPLODUWRKLJKDOWLWXGHZDWHU!P7KH0RYLOH
























 7KH & FRQWHQW RI FDYH RUJDQLF PDWWHU H[KLELW ORZ
YDOXHVRIG&EHWZHHQ±DQG±ÅDQGUHIOHFWQRWDWDOO
WKH LVRWRSLF FRPSRVLWLRQ RI WKH ORFDO RUJDQLF PDWHULDOV IURP
VXUIDFH DQG VXEVXUIDFH 7KH FRQFHQWUDWLRQ RI & IURP DUHD
YLFLQDOWRFDYHLVW\SLFDOO\WRDTXDWLFDQGWHUUHVWULDOFRPPXQLWLHV
WKDW XVH SKRWRDXWRWURSKLF FDUERQ IL[DWLRQ EHWZHHQ ± DQG ±
Å7KLVGLVFUHSDQF\VXJJHVWVRWKHUZD\RIFDUERQIL[DWLRQLQ
WKHWURSKLFZHEDQGLVSRVVLEOHWKDWWKHRUJDQLFPDWWHULVGHULYHG
IURP RUJDQLVPV PRUH OLSLGULFK ELRV\QWKHVL]HG E\
FKHPRV\QWKHWLFPLFURRUJDQLVPVZKLFKXVH+6DVHQHUJ\VRXUFH
IRUFDUERQIL[DWLRQ







7KH VXOSKXU LVRWRSH FRQWHQW IURP+6  WRÅDQG
62 ÅSUHVHQWDFRQWUDVWWUHQGYHUVXVWKHJHQHUDOWUHQG
RI WKH LVRWRSLFIUDFWLRQDWLRQRI WKHPLFURELDOO\PHGLDWHGVXOSKXU
WUDQVIRUPDWLRQV ,Q FDYHZDVQRW UHFRUGHG+6ZLWKG6YDOXHV
ORZHUWKDQWKDWRIWKH 62 UHDFWDQW
7KH FDUERQ LVRWRSH GDWD IRU &2&+ SDLUV Å IRU&2
DQG±ÅIRU&+RIWKHFDYHJDVHVFDQQRWFOHDUO\GHOLQHDWHG
WKHELRJHQLFPHWKDQHRULJLQDVPDULQHRUQRQPDULQHSURYHQDQFH





7KH K\GURJHQ LVRWRSH FRQWHQW IURP&++2 SDLUV Å IRU
&+ DQG ±Å IRU +2 FDQQRW FOHDUO\ GLIIHUHQWLDWH WKH &2
UHGXFWLRQRUDFHWDWHIHUPHQWDWLRQDVSDWKZD\RIELRJHQLFPHWKDQH
DFFXPXODWLRQLQFDYH7KHUDQJHLQG+YDOXHVRI&+FRUUHODWHG














:KLWLFDU 0- )DEHU ( 6FKRHOO 0  %LRJHQLF PHWKDQH
IRUPDWLRQ LQ PDULQH DQG IUHVKZDWHU HQYLURQPHQWV &2






































DQLRQV E\ LRQ FKURPDWRJUDSK\ ,& DQG  HOHPHQWV E\
LQGXFWLYHO\FRXSOHGSODVPDDWRPLFHPLVVLRQVSHFWURVFRS\ ,&3
$(6'HWDLOVRIDQDO\WLFDO WHFKQLTXHVDUHJLYHQ LQ%DQNVHWDO
DF 7KH UHVXOWV RI WKLV QDWLRQZLGH VXUYH\ KDYH EHHQ
GLVVHPLQDWHG LQ UHSRUWV DQG SDSHUV E\%DQNV HW DO DEF
)UHQJVWDGHWDO DQGDGRFWRUDO WKHVLVE\)UHQJVWDG

,QIRUPDWLRQ RQ ERUHKROH GHSWK H[LVWHG IRU  RI WKHVH
VDPSOHV 7KH ZHOOV DQG ERUHKROHV ZHUH JHQHUDOO\ UHODWLYHO\
VKDOORZ ZLWK D PHGLDQ GHSWK RI H[DFWO\  P 2QO\ ILYH
ERUHKROHVIHOOZLWKLQWKHPLQWHUYDOZKLOHWKHVKDOORZHVW








ERUHKROH ZDWHU FKHPLVWU\ ERUHKROHV ZHUH UDQNHG DFFRUGLQJ WR
LQFUHDVLQJ GHSWK DQG JURXSHG LQWR VXEVHWV HQFRPSDVVLQJ  P
LQWHUYDOV %R[SORWV 7XNH\  DUH XVHG WR VKRZ WKH
GLVWULEXWLRQRIVHOHFWHGJURXQGZDWHUSDUDPHWHUV IRU WKHGLIIHUHQW
GHSWK VXEJURXSV LQ )LJV  DQG  ,Q VXFK GLDJUDPV WKH ER[
FRQWDLQVWKHLQWHUTXDUWLOHSHUFHQWLOHUDQJHRIGDWDZLWKD
KRUL]RQWDOOLQHDWWKHPHGLDQYDOXH3DUHQWKHVHVDERYHDQGEHORZ
WKH PHGLDQ VKRZ D UREXVW   FRQILGHQFH LQWHUYDO IRU WKH






$OWKRXJK WKHUH LVD UDQJHRIIDFWRUVDIIHFWLQJERWKWKHERUHKROH
GHSWK HJ DFWXDO ZDWHU GHPDQG DYDLODEOH GULOOLQJ WHFKQRORJ\
GULOOLQJ FRPSDQ\ FXOWXUH HWF DQG WKH ZDWHU FKHPLVWU\ HJ
OLWKRORJ\ LQWUXVLRQ RI VXUILFLDO ZDWHU GXH WR SRRU ZHOOKHDG
GHVLJQHWFVHYHUDOQRWDEOHFRUUHODWLRQVZHUHREVHUYHG
7KHUHZDVD VLJQLILFDQWSRVLWLYHFRUUHODWLRQEHWZHHQPHGLDQ
JURXQGZDWHU S+ DQG ERUHKROH GHSWK 6LPLODU FRUUHODWLRQV ZHUH
DOVRREVHUYHGIRU1DDQG))RUDONDOLQLW\WKHUHZDVDVLJQLILFDQW
LQFUHDVH LQ PHGLDQ YDOXHV IRU GHSWK VXEJURXSV GRZQ WR  P
ZKLOHIRUODUJHUGHSWKVQRUHJXODUWUHQGFRXOGEHGLVFHUQHG7KHVH
UHVXOWV LQGLFDWH WKDWGHHSHUERUHKROHVZKLFK WHQG WRKDYH ORZHU




RIS+ DONDOLQLW\PDMRU LRQV 1D&D0J.&O62 12




&D0J DQG6L GLVSOD\HG JHQHUDOO\ ORZHUPHGLDQ YDOXHV LQ
WKHPVXEVHW LQGLFDWLQJ LPPDWXUHJURXQGZDWHUVZLWKVKRUW
UHVLGHQFH WLPH LQ WKH VKDOORZHVW ERUHKROHV )RU ODUJHU ERUHKROH
GHSWKV QR VLJQLILFDQW GLIIHUHQFHV LQ WKH PHGLDQ YDOXHV ZHUH
REVHUYHG IRU WKHVH HOHPHQWV 0HGLDQ 12 FRQFHQWUDWLRQV
GHFUHDVHZLWKLQFUHDVLQJERUHKROHGHSWKGXHWREHWWHUSURWHFWLRQ
DJDLQVW FRQWDPLQDWLRQ DQG D SUREDEOH WHQGHQF\ WRZDUGV ROGHU
ZDWHU DQG PRUH UHGXFLQJ FRQGLWLRQV ZLWK LQFUHDVLQJ ERUHKROH
GHSWK &O DQG 62 FRQFHQWUDWLRQV DSSHDUHG XQFRUUHODWHG ZLWK
ERUHKROHGHSWK
0Q H[KLELWHG KLJKHU PHGLDQ YDOXHV LQ WKH GHSWK VXEJURXSV
 DQG  P WKDQ LQ WKH VXEJURXS  P SUREDEO\
UHIOHFWLQJ PRUH UHGXFLQJ FRQGLWLRQV 7KH PHGLDQ )H
FRQFHQWUDWLRQVVHHPHGWREHUDWKHULQGHSHQGHQWRIZHOOGHSWK,Q
GHHS ERUHKROHV HOHYDWHG )HFRQFHQWUDWLRQV PD\ EH D UHVXOW RI
UHGXFLQJFRQGLWLRQVZKLOHLQVKDOORZERUHKROHV)HPD\EHERXQG
WRKXPLFDFLGVLQLQILOWUDWLQJVXUIDFHZDWHUV
7KH PHGLDQ 5Q FRQFHQWUDWLRQV IRU ERUHKROHV LQ WKH WKUHH
GHSWKVXEJURXSVEHWZHHQDQGPZHUHVLJQLILFDQWO\KLJKHU
WKDQ WKHPHGLDQ IRU WKHPVXEJURXS)RUERUHKROHVGHHSHU
WKDQP WKHUHZDVQRVLJQLILFDQW WUHQG LQ5QFRQFHQWUDWLRQV
ZLWKGHSWK0HGLDQFRQFHQWUDWLRQVRIWUDFHHOHPHQWVVXFKDV$O














FKHPLVWU\ ZLWK GHSWK 1RUZHJLDQ KDUGURFN ERUHKROHV DUH
W\SLFDOO\ XQOLQHG IRU PRVW RI WKHLU GHSWK 7KXV WKH ZDWHU
DEVWUDFWHG IURP D ERUHKROH ZLOO XVXDOO\ EH D PL[WXUH RI ZDWHU
IURPDOLPLWHGQXPEHURIWUDQVPLVVLYHIUDFWXUHVDWYDU\LQJGHSWKV
%DQNV  ,Q RWKHU ZRUGV WKH ZDWHU IURP D YHU\ GHHS
ERUHKROH PD\ EH GRPLQDQWO\ GHULYHG IURP QHDUVXUIDFH




5RFN IUDFWXUHV KDYH D WHQGHQF\ WR EHFRPH OHVV SHUPHDEOH
ZLWK GHSWK DV WKH VWUHVV GXH WR WKH URFN RYHUEXUGHQ LQFUHDVHV
&DUOVVRQDQG2OVVRQ,WVKRXOGDOVREHQRWHGWKDWERUHKROH
GHSWK LV QRW DQ LQGHSHQGHQW YDULDEOH EXWZLOO EH GHWHUPLQHG E\
DYDLODEOHGULOOLQJWHFKQRORJ\WKHGULOOLQJFRPSDQ\
VFXOWXUHDQG
WKH ZDWHU GHPDQG ,I WKH DPRXQW RI ZDWHU UHTXLUHG IURP D
ERUHKROH LV VPDOO WKHUH PD\ EH D WHQGHQF\ WR VWRS GULOOLQJ DW
VKDOORZ GHSWKV &RQYHUVHO\ LI WKHZDWHU \LHOG LV ODUJH GULOOLQJ
PD\EH WHUPLQDWHGHDUO\7KXVRQHPLJKWH[SHFW WRILQGGHHSHU
ERUHKROHV LQSRRUO\SHUPHDEOH ORFDWLRQVDQG VKDOORZHURQHVRQ
DYHUDJH LQ KLJK \LHOGLQJ VLWXDWLRQV 5|QNl  VKRZHG WKDW
WKHPHDQ\LHOGRI)LQQLVKEHGURFNERUHKROHVRIGHSWKP
ZDVOHVVWKDQKDOIWKHPHDQ\LHOGRIERUHKROHVPGHHS
%DVHGRQ WKHVHIDFWRUV LWFRXOGEHDUJXHG WKDWVKDOORZZHOOV
DUH PRUH OLNHO\ WR EH IHG E\ KLJKWUDQVPLVVLYLW\ IUDFWXUHV WKDQ
GHHSRQHV7KHJURXQGZDWHULQVXFKVKDOORZKLJKWUDQVPLVVLYLW\






$ UHODWLRQVKLS EHWZHHQ ERUHKROH GHSWK DQG FRQFHQWUDWLRQV RI
K\GURFKHPLFDOSDUDPHWHUV LVREVHUYHG IRUS+DONDOLQLW\1D)
0Q12DQG5Q&D0JDQG6LVKRZIHZGHSWKUHODWHGWUHQGV
DOWKRXJK ORZHU PHGLDQ FRQFHQWUDWLRQV LQ WKH  P ERUHKROH






%DQNV '  (VWLPDWLRQ RI DSSDUHQW WUDQVPLVVLYLW\ IURP




















 7KH FKHPLVWU\ RI 1RUZHJLDQ JURXQGZDWHUV ,,, 7KH
GLVWULEXWLRQ RI WUDFH HOHPHQWV LQ  FU\VWDOOLQH EHGURFN
JURXQGZDWHUVDVDQDO\VHGE\,&306WHFKQLTXHV7KH6FLHQFH
RIWKH7RWDO(QYLURQPHQW
)UHQJVWDG % %DQNV ' 6LHZHUV 8  7KH FKHPLVWU\ RI
1RUZHJLDQ JURXQGZDWHUV ,9 7KH S+GHSHQGHQFH RI HOHPHQW
FRQFHQWUDWLRQV LQ FU\VWDOOLQH EHGURFN JURXQGZDWHUV 7KH
6FLHQFHRIWKH7RWDO(QYLURQPHQW





GUDZEDFN ,Q%DQNV6%	%DQNV' HGV +\GURJHRORJ\
RI+DUG5RFNV0HPRLUV;;,9&RQJUHVVRIWKH,QWHUQDWLRQDO
$VVRFLDWLRQ RI+\GURJHRORJLVWV cV2VOR1RUZD\ WK -XQH
QG-XO\



















$ E V W U D F W   8QXVDOO\KLJKVDOLQLWLHVDUHUHFRUGHGLQDQPGHHSZDWHUZHOOLQWKHZHOOILHOGRI1H[¡0XQLFLSDO:DWHU:RUNVRQ
WKHHDVWFRDVWRI%RUQKROP'HQPDUN7KHDTXLIHUOLWKRORJ\FRQVLVWVRITXDUW]FHPHQWHGDQGKLJKO\IUDFWXUHGRUWKRWRSURWRTXDUW]LWLF
/RZHU &DPEULDQ VDQGVWRQH UHVWLQJ RQ 3URWHUR]RLF FU\VWDOOLQH EDVHPHQW 7KH ZDWHU ERG\ LQ WKH VWXGLHG ERUHKROH LV VLJQLILFDQWO\
VWUDWLILHGZLWK UHVSHFW WR VDOLQLW\ 7KH JURXQGZDWHU DERYH WKH KDORFOLQH UHYHDO K\GURFKHPLFDO DQG LVRWRSLF 2 + DQG 6U6U
FRPSRVLWLRQVFRPSDUDEOHWRQRUPDOJURXQGZDWHULQWKHDUHDZKHUHDVJURXQGZDWHUVDPSOHVIURPEHORZWKHKDORFOLQHVKRZGLYHUJLQJ











7KH RFFXUUHQFH RI KLJKO\ VDOLQH ZDWHU LV UHPDUNDEOH IRU WKLV
DTXLIHU ZKLFK RWKHUZLVH \LHOGV SRWDEOH JURXQGZDWHU RI JRRG
TXDOLW\ȝ6FP
7KHDTXLIHUPDWUL[FRQVLVWVRIWKH1H[¡6DQGVWRQH)RUPDWLRQ
ZKLFK LV D F P WKLFN XQLIRUP UHG SURWRTXDW]LWLF VDQGVWRQH
TXDUW]FHPHQWHG ZLWK VXERUGLQDWH FRQWHQWV RI IHOGVSDU 7KH
VDQGVWRQH LV UHVWLQJ RQ D SUH&DPEULDQ EDVHPHQW FRPSULVLQJ




7KH FXUUHQW ZRUN SUHVHQWV D XQLTXH RFFXUUHQFH RI VDOLQH
JURXQGZDWHU LQ D IUDFWXUHG VDQGVWRQH DTXLIHU DQG GHPRQVWUDWHV
WKH XVH RI HQYLURQPHQWDO VWDEOH LVRWRSHV 2 DQG + DQG






(OHFWULF FRQGXFWLYLW\ ORJV DQG HOHFWULF FRQGXFWLYLWLHV RI JURXQG
ZDWHU VDPSOHV DQG VHDZDWHU ZHUH PHDVXUHG LQ WKH ILHOG E\ D
:7:&RQGXFWLYLW\PHWHU/)7ZHOYHGHSWKVVSHFLILHGZDWHU
VDPSOHV ZHUH FROOHFWHG IRU R[\JHQ K\GURJHQ DQG VWURQWLXP
LVRWRSH DQDO\VHV 7KH R[\JHQ LVRWRSH UDWLR ZDV GHWHUPLQHG E\
DFLGLILFDWLRQZLWKSKRVSKRULFDFLGDQGHTXLOLEUDWLRQRIPO
RI VDPSOH ZLWK &2 JDV DV GHVFULEHG E\ (SVWHLQ DQG 0D\HGD
 7KH DQDO\VHV ZHUH FDUULHG RXW RQ D 9* 6LUD  PDVV
VSHFWURPHWHU ZLWK DXWRPDWLF LQOHW 7KH ZDWHU VDPSOHV IRU
K\GURJHQ LVRWRSHDQDO\VHVZHUHUHGXFHG WR+E\XVHRI]LQFLQ
TXDUW]DPSRXOHVDWR&&ROHPDQQ7KHDQDO\VHVZHUH
FDUULHG RXW LQ D )LQQLJDQ 0$7  WULSOH FROOHFWRU PDVV
VSHFWURPHWHU7KH UHVXOWV IRU ERWK LVRWRSHV DUH H[SUHVVHG LQSHU
PLOOH Å GHYLDWLRQ IURP WKH 9602: VWDQGDUG XVLQJ WKH į
VFDOH5HSURGXFLELOLW\LVEHWWHUWKDQÅIRUį2DQGDERXWÅ
IRUį+6WURQWLXPIRU6U6UUDWLRDQDO\VHVZDVVHSDUDWHGIURP
D 1 +&O VROXWLRQ E\ FRQYHQWLRQDO LRQ H[FKDQJH
$SSUR[LPDWHO\  ȝJ 6U&O ZDV PRXQWHG RQ WDQWDOXP ILODPHQWV
ZLWKSKRVSKRULFDFLG7KH6ULVRWRSLFFRPSRVLWLRQZDVPHDVXUHG
RQ DQ FROOHFWRU )LVRQV 6HFWRU PDVV VSHFWURPHWHU 'DWD
ZHUHFROOHFWHGE\PXOWLG\QDPLFDQDO\VLVDQGH[SRQHQWLDOPDVV
IUDFWLRQZDVDVVXPHGLQWKHDSSOLHGFRUUHFWLRQWRD6U6UUDWLR
RI  :LWKLQUXQ SUHFLVLRQ ZDV W\SLFDOO\  
VGRQ6U6UDQGDOZD\VEHWWHUWKDQ,QFRXUVHRI
GDWDDFTXLVLWLRQDYHUDJHDQGUHSURGXFLELOLW\RIPHDVXUHGYDOXHV












DW ȝ6FPZKLFK DUH VLPLODU WRZKDW JHQHUDOO\ UHFRUGHG
IURPRWKHUZDWHUZHOOV LQ WKH VWXG\DUHD7KHGHSWK LQWHUYDO
P EPS DSSHDUV WR EH D WUDQVLWLRQDO ]RQHZKHUH FRQGXFWLYLW\
LQFUHDVHVDEUXSWO\IURPȝ6FPWRȝ6FP7KHHOHFWULFDO
FRQGXFWLYLW\ RI WKH JURXQGZDWHU DW JUHDWHU GHSWK DUH UHODWLYHO\
VWDEOHEXW UHYHDOV D VOLJKWO\ LQFUHDVLQJ WHQGHQF\ZLWKGHSWKDQG
UHDFKDPD[LPXPRIȝ6FPDWWKHERWWRPRIWKHZHOO
6WDEOHLVRWRSH+DQG2GLVWULEXWLRQV
7KH YHUWLFDO GLVWULEXWLRQV RI WKH VWDEOH R[\JHQ DQG K\GURJHQ
LVRWRSHV UHYHDO D VLJQLILFDQW VWUDWLILFDWLRQ RI WKH ZDWHU ERG\
ZKLFK LV LQ DFFRUGDQFH ZLWK WKH UHVXOWV RI WKH HOHFWULF
FRQGXFWLYLW\ORJV7KHJURXQGZDWHUVDPSOHVVKRZLVRWRSLFYDOXHV
WKDW SORW VOLJKWO\ DERYH WKH JOREDO PHWHRULF ZDWHU OLQH &UDLJ
 DQG UHYHDO WZR VLJQLILFDQW JURXSV DFFRUGLQJ WR WKH
VWUDWLILFDWLRQ RI WKH ZDWHU ERG\ 7KH LVRWRSH FRPSRVLWLRQV DUH
UHODWLYHO\ FRQVWDQW LQ JURXQGZDWHU VDPSOHV DERYH WKH KDORFOLQH
LH Å į2 DQG Å į+ ZKLFK FRUUHVSRQG WR QRUPDO
FRPSRVLWLRQVRI'DQLVKJURXQGZDWHU-¡UJHQVHQDQG+ROP
7KH LVRWRSLF FRPSRVLWLRQV EHORZ WKH KDORFOLQH DUH VOLJKWO\
GHSOHWHG LQ FRPSDULVRQ WR QRUPDO'DQLVK JURXQGZDWHU VKRZLQJ
į2 YDOXHV DW F Å DQG į+ YDOXHV DW F Å ,Q
FRPSDULVRQ WKH LVRWRSLFFRPSRVLWLRQRI1RUWK6HDVHDZDWHUDUH
FORVH WR QRUPDO RFHDQLF FRPSRVLWLRQZKHUHDV%DOWLF 6HDZDWHU




7KH6U LVRWRSH UDWLRVGHFUHDVHVLJQLILFDQWO\ IURP WR
IURPWKHWRSRIWKHZDWHUFROXPQGRZQZDUGVWRPEPSDWWKH
LQWHUIDFH EHWZHHQ IUHVKZDWHU DQG VDOLQH JURXQGZDWHU 7KH 6U
LVRWRSH UDWLRV DUH UHODWLYHO\ VWDEOHEXW VOLJKWO\GHFUHDVLQJEHORZ
WKH KDORFOLQH IURP  WR  7KH 6U6U UDWLRV DUH
VLJQLILFDQWO\FRUUHODWHGWRWKHUHFLSURFDO6UFRQWHQWV LQGLFDWLQJD
PL[LQJ OLQHZLWK WKH LVRWRSLF FRPSRVLWLRQV RI WKH IUHVKZDWHU DV






DQG EHORZ WKH KDORFOLQH ,W DSSHDUV WKDW WZRZDWHU VDPSOHV WKDW
UHSUHVHQW JURXQGZDWHU FKDUDFWHUL]HG ZLWK UHODWLYHO\ ORZ
FRQGXFWLYLW\ ȝ6FP UHYHDO LQFUHDVHG &FRQWHQW UHODWLYH
WRWKHUHIHUHQFH\HDUWKDWLQGLFDWHJURXQGZDWHUJHQHUDWHGLQ
WKH WLPH LQWHUYDO  GXULQJ WKH PD[LPXP DFWLYLW\ RI
QXFOHDU ERPE WHVWLQJ +RZHYHU WKH ZDWHU VDPSOHV RI VDOLQH







7KH HOHFWULFDO FRQGXFWLYLW\ ORJV UHYHDO WKDW WKHZDWHU FROXPQ LV
VLJQLILFDQWO\ VWUDWLILHGZLWKDGLVWLQFWKDORFOLQHDWDSSUR[LPDWHO\
P EPS 7KH RFFXUUHQFH RI WZR GLIIHUHQW ZDWHU ERGLHV LQ WKH
ERUHKROH LV FRQILUPHG E\ K\GURFKHPLFDO LQYHVWLJDWLRQ DQG
DQDO\VHV RI WKH VWDEOH LVRWRSH + DQG 2 DQG WKH 6U LVRWRSH
GLVWULEXWLRQV LQ WKH ZDWHU FROXPQ 7KH ZDWHU ERG\ DERYH WKH
IUHVKZDWHUVDOLQHZDWHULQWHUIDFHLVLVRWRSHJHRFKHPLFDOO\VLPLODU




IURP RWKHU ERUHKROHV LQ WKH ZHOO ILHOG UHYHDO UHODWLYHO\ \RXQJ
JURXQGZDWHU JHQHUDWHG QRW ROGHU WKDQ  +RZHYHU
JURXQGZDWHU VDPSOHVFROOHFWHGEHORZ WKHKDORFOLQHDUH IRXQG WR
EH VLJQLILFDQWO\ROGHUZLWKFRUUHFWHG &DJHV LQ WKH UDQJH IURP
WR%3
7KH VWDEOH LVRWRSLF FRPSRVLWLRQ RI WKH IUHVK JURXQGZDWHU
DERYH WKH KDORFOLQH LV UHPDUNDEOH FRQVWDQW DQG VLPLODU WR WKH
FRPSRVLWLRQ RI QRUPDO 'DQLVK JURXQGZDWHU 7KH VDOLQH
JURXQGZDWHU EHORZ WKH KDORFOLQH VKRZV VWDEOH LVRWRSH
FRPSRVLWLRQVWKDWSORWFORVHWRWKHJOREDOPHWHRULFZDWHUOLQHEXW
DUHVLJQLILFDQWO\GHSOHWHG LQFRPSDULVRQ WRQRUPDOJURXQGZDWHU
7KHUH LVQR VLJQLILFDQW WUHQG LQ WKH VWDEOH LVRWRSLF FRPSRVLWLRQV
WKDWPD\UHYHDOWKHVRXUFHRIVDOLQLW\




FU\VWDOOLQH EDVHPHQW +RZHYHU WKH KLJKHVW 6U6U UDWLRV
DUHUHFRUGHGLQZDWHUVDPSOHVFROOHFWHGLQWKHXSSHUPRVW
SDUW RI WKH ERUHKROH LQ FRQWDFW ZLWK WKH KLJKO\ IUDFWXUHG DQG
ZHDWKHUHG SDUW RI WKH VDQGVWRQH VHTXHQFH 7KH ORZHU 6U6U
UDWLRV UHFRUGHG EHORZ WKH KDORFOLQH PD\ UHIOHFW WKH LVRWRSLF
FRPSRVLWLRQRIWKHVRXUFHRIWKHVDOLQHJURXQGZDWHUPRGLILHGE\
ZDWHUURFN LQWHUDFWLRQ7KXV LW LVZRUWKZKLOH WRQRWHWKDW WKH6U
LVRWRSLF FRPSRVLWLRQ RI SUHVHQW VHDZDWHU IURP WKH 1RUWK 6HD
SORWVFORVHWRWKHPL[LQJOLQH
6FDWWHUHG RFFXUUHQFHV RI VDOLQH JURXQGZDWHU LQ WKH
)HQQRVFDQGLDQ%DOWLFVKLHOGKDYHEHHQNQRZQVLQFHDWOHDVWWKH
WXUQ RI WKH WK FHQWXU\ %UDFNLVK DQG VDOLQH JURXQGZDWHU KDV
EHHQREVHUYHGLQVKDOORZZHOOVPGULOOHGLQWRWKHEHGURFN
RIWKHFRDVWDODUHDVRIWKH%DOWLF6HDLQERWK)LQODQGDQG6ZHGHQ
7KHVH RFFXUUHQFHV RI VDOLQH JURXQGZDWHU DUH EHORZ WKH KLJKHVW
VKRUHOLQHV RI WKH SRVWJODFLDO )ODQGULDQ WUDQVJUHVVLRQ DQG KDYH
EHHQ UHODWHG LQ RULJLQ WR +RORFHQH VHDZDWHU WUDSSHG LQ WKH
EHGURFN.DQNDLQHQHWDO1XUPLHWDO
7KH KLJKVWDQG VHD OHYHO GXULQJ WKH)ODQGULDQ WUDQVJUHVVLRQ
WKH /LWWRULQD 6HD VWDJH D OHDG SHULRGLFDOO\ WR
VDOLQLWLHVFORVH WRQRUPDOPDULQHFRQGLWLRQV LQ WKHH[WHULRUSDUWV
RI WKH%DOWLF6HD LQFOXGLQJ WKH%RUQKROP%DVLQ $QGUpQ HW DO
 7KH KLJKHVW VLWXDWHG VKRUHOLQHV DW WKH HDVW FRDVW RI





7KH VWXGLHG ZHOO '*8  LV ORFDWHG EHORZ WKH KLJKHVW
VKRUHOLQHDWPDERYHVHD OHYHO7KH &DJHVUHFRUGHGIRU WKH
VDOLQHZDWHU VDPSOHV LQGLFDWH WKDW LQWUXGLQJ VHDZDWHUGXULQJ WKH








EPS 7KH K\GURFKHPLFDO DQG LVRWRSLF UHVXOWV LQGLFDWH OLPLWHG
LQWHUFKDQJH DFURVV WKH KDORFOLQH &GDWLQJ LQGLFDWHV WKDW WKH
IUHVK JURXQGZDWHU LV UHODWLYHO\ \RXQJ PRVW OLNHO\ LQILOWUDWHG
GXULQJ WKH SHULRG RI PD[LPXP RI QXFOHDU ERPE WHVWLQJ LQ WKH
 ,Q FRQWUDVW WKH VDOLQH JURXQGZDWHU VKRZV &DJHV LQ
WKHUDQJHIURPWR%3
7KH VWDEOH LVRWRSLF FRPSRVLWLRQV 2 DQG + DQG WKH
GLVWULEXWLRQRI6U6UUDWLRVUXOHRXWVHDZDWHULQWUXVLRQIURPWKH
SUHVHQW GD\ EUDFNLVK ZDWHU HQYLURQPHQW RI WKH %DOWLF 6HD
+RZHYHU WKH 6U6U UDWLR GLVWULEXWLRQ PD\ LQGLFDWH DQ
LQIOXHQFHIURPVHDZDWHUFORVHWRIXOO\RFHDQLFFRPSRVLWLRQ7KH
UHVXOWV VXJJHVW WKDW WKH REVHUYHG RFFXUUHQFHV RI VDOLQH
JURXQGZDWHU EHORZ WKH IUHVKZDWHUVDOLQHZDWHU LQWHUIDFH KDV LWV
RULJLQWRIRUPHULQWUXVLRQRI+RORFHQH)ODQGULDQVHDZDWHUIURP
WKHKLJKVWDQGVHD OHYHODW WKH/LWWRULQD6HDVWDJHD








RI WKH VRXWKZHVWHUQ%DOWLF6HDDV UHIOHFWHG LQDVHGLPHQWFRUH
IURPWKH%RUQKROP%DVLQ%RUHV
&ROHPDQQ 03 6KHSKHUG 7- 'XUKDP -- 0RRUH *5 
5HGXFWLRQ RI ZDWHU ZLWK ]LQF IRU K\GURJHQ LVRWRSH DQDO\VHV
$QDO&KHP
&UDLJ +  ,VRWRSLF YDULDWLRQV LQ PHWHRLF ZDWHU 6FLHQFH






6U6U RI VDOLQH JURXQGZDWHU LQ 'HQPDUN ,Q 6RYHUL -
6XRNNR7 HGV)XWXUH*URXQGZDWHU5HVRXUFHVDW5LVN ,$+6
3XEO
.DQNDLQHQ 7 .XNNRQHQ ,7 /DKHUPR 3: 1XUPL 3$ 
(QYLURQPHQWDO LVRWRSH VWXGLHV RQ JURXQGZDWHU IURP WKH
FU\VWDOOLQHEHGURFNLQ)LQODQG,Q,VRWRSH7HFKQLTXHVLQ:DWHU
5HVRXUFHV'HYHORSPHQW,Q,$($9LHQQD$XVWULD
0F1LFKRO $3 -RQHV *$ +XWWRQ '/ *DJQRQ $5 .H\ 50
 7KH UDSLG SUHSDUDWLRQ RI VHDZDWHU &2 IRU
UDGLRFDUERQ DQDO\VLV DW WKH 1DWLRQDO 2FHDQ 6FLHQFHV $06
)DFLOLW\5DGLRFDUERQ
1XUPL3$.XNNRQHQ,7/DKHUPR3:*HRFKHPLVWU\DQG
RULJLQ RI VDOLQH JURXQGZDWHUV LQ WKH )HQQRVFDQGLDQ 6KLHOG
$SSOLHG*HRFKHPLVWU\
6NMHUQDD / -¡UJHQVHQ 12  $]LPXWKDOH
UHVLVWLYLWHWVPnOLQJHU ± (Q PHWRGH WLO YXUGHULQJ DI ORNDOH
VSU NNHV\VWHPHU L NU\VWDOOLQH EMHUJDUWHU VDQGVWHQ RJ OHU ,Q














$ E V W U D F W   7KHVWDEOHLVRWRSHVG2+2G112DQG+LQJURXQGZDWHUZHUHDVXEMHFWRIPRQLWRULQJLQWKH1:SDUWRI











7KH %RKHPLDQ .DUVW LV ORFDWHG LQ WKH FHQWUDO SDUW RI WKH
%DUUDQGLDQ ZKLFK LV IRUPHG E\ D GLVFRQWLQXRXV PRVDLF RI
6LOXULDQ DQG 'HYRQLDQ OLPHVWRQHV LVRODWHG DQG LQWHUUXSWHG E\
QRQNDUVWLF URFNV YROFDQLF DQG YROFDQRFODVWLF EDVDOWLF URFNV
VLOWVWRQHV DQG VKDOHV DQG IROGHG LQWR ODUJH DQWLFOLQHV DQG
V\QFOLQHV7KHVHVWUXFWXUHVDUHDIIHFWHGE\WUDQVYHUVHIDXOWVZLWK
YHUWLFDODQGKRUL]RQWDOFRPSRQHQWVRIPRYHPHQW7KHDUHDRIWKH
%RKHPLDQ .DUVW LV D K\GURJHRORJLFDO VWUXFWXUH XQGHUODLG E\





:DWHU LVVXHV QHDU WKH ERWWRP RI D  P GHHS FDQ\RQ RI WKH
.DþiN6WUHDP7KHVSULQJGUDLQV6:SDUWRIWKH+RO\QČ+RVWLP
6\QFOLQH IRUPHGE\YROFDQLF URFNV OLPHVWRQHVDQG VLOWVWRQHVRI
6LOXULDQ DQG 'HYRQLDQ DJH 7KH VSULQJ LV ORFDWHG DW WKH
LQWHUVHFWLRQRI WHFWRQLF UXSWXUHV VWULNLQJ6:1(DQG1:6(WR






7KH GLVFKDUJH WHPSHUDWXUH FKHPLFDO DQG LVRWRSLF FRPSRVLWLRQ
į2+2 į112+ RI WKH VSULQJZDWHUZHUHPRQLWRUHG
LQSHULRGHDFK WKUHHGD\VDQGFRPSOHWHGE\ LVRWRSLF
FRPSRVLWLRQ RI DWPRVSKHULF SUHFLSLWDWLRQV 0RQLWRULQJ ZDV
IRFXVHG RQ WKH SULQFLSDO SDUW RI WKH 6YDWê -DQ VSULQJ FDOOHG
,YDQNDDQG ,YDQZLWK4PLQRI/VDQG4PD[RI/V7KH
FKHPLFDO DQG LVRWRSLF FRPSRVLWLRQ RI QLWURJHQ LQ QLWUDWHV ZDV
DOVR LQYHVWLJDWHG LQ VXUIDFH ZDWHU DQG JURXQGZDWHU LQ WKH
FDWFKPHQW DUHD RI WKH VSULQJ WR GHVFULEH WKH QLWURJHQ F\FOH
%LQDU\PRGHODFFRUGLQJWR+RUWRQZDVXVHGIRUHYDOXDWLRQ
RI WKH VKDUH RI GLUHFWO\ LQILOWUDWLQJ SUHFLSLWDWLRQV GXH WR D ORZ
YDULDELOLW\ RI WKH į2 FRQFHQWUDWLRQ LQ VSULQJZDWHU DQG VSULQJ
GLVFKDUJH7KHUDWLRRIWKHLQILOWUDWLRQFRHIILFLHQWIRUWKHVXPPHU
DQG ZLQWHU VHDVRQV ZDV GHWHUPLQHG RQ LVRWRSLF FRPSRVLWLRQ RI
R[\JHQIURPWKHSUHFLSLWDWLRQVDQGVSULQJZDWHU7KHUDWLRRIWKH
LQILOWUDWLRQFRHIILFLHQW IRU WKH VXPPHUDQGZLQWHU VHDVRQVEDVHG
RQ LVRWRSLF FRPSRVLWLRQ RI R[\JHQ IURP WKH SUHFLSLWDWLRQV DQG







PRGHO 0DORV]HZVNL DQG =XEHU  DQG PRGHO DFFRUGLQJ WR
<XUWVHYHU  EDVHG RQ PRQLWRULQJ RI WKH VSULQJ GLVFKDUJH
QLWUDWH FRQFHQWUDWLRQV DQG į1 į2 + LVRWRSLF FRQWHQW ILUVW
FRPSRQHQWZLWKVORZJURXQGZDWHUFLUFXODWLRQDYHUDJHUHVLGHQFH
WLPHRI\HDUVEDVHGRQ7FRQWHQWUHSUHVHQWLQJRI
WKH GLVFKDUJH ZDWHU VHFRQG FRPSRQHQW ZLWK UHVLGHQFH WLPH RI
VHYHUDOPRQWKVUHSUHVHQWLQJRIWKHGLVFKDUJHZDWHUDQG
WKLUG D FRPSRQHQW ZLWK UDSLG FLUFXODWLRQ UHVLGHQFH WLPH RI
VHYHUDOGD\VRUZHHNV,WVKRZHGXSWKDWHYHQWKRXJKWKHDPRXQW
RISUHFLSLWDWLRQVLQWKHVXPPHUVHDVRQLVWZRWLPHVKLJKHUWKDQLQ
WKH ZLQWHU RQH WKH DPRXQW RI ZDWHU LQILOWUDWLQJ LQ WKH GHHS
DTXLIHULVIRUERWKVHDVRQVDSSUR[LPDWHO\WKHVDPH
7KH JHRFKHPLFDOPRGHO UHYHDOHG WKDW QLWUDWH FRQFHQWUDWLRQV
LQ WKH VSULQJ ZDWHU ZLOO LQFUHDVH GXH WR WKH SUHYDOHQFH RI WKH
FRPSRQHQWRIJURXQGZDWHUFLUFXODWLRQZLWKDQDYHUDJHUHVLGHQFH
WLPH RI  \HDUV EHFDXVH ZDWHU LVVXHG LQ ODWH V ZDV
UHFKDUJHG DSSUR[LPDWHO\ LQ ODWH V ZKHQ QLWUDWH
FRQFHQWUDWLRQV LQ WKH UHFKDUJLQJ ZDWHUV ZHUH VWLOO LQFUHDVLQJ
6RPH LQFUHDVH LQ QLWUDWH FRQFHQWUDWLRQV LQ VSULQJ ZDWHU FDQ EH
H[SHFWHG E\  7KH GHFUHDVH LQ QLWUDWH FRQFHQWUDWLRQV LQ
VSULQJZDWHULQWKHIXWXUHPD\EHKLQGHUHGE\JUDGXDOZDVKLQJRI
QLWUDWHV IURPD WKLFN SLOH RIZHDWKHULQJSURGXFWVZKLFK ILOO WKH
LQGHQWHGNDUVWVXUIDFHLQWKHLQILOWUDWLRQDUHDDVZHOODVIURPWKH
UHODWLYHO\ WKLFN XQVDWXUDWHG ]RQH LQ OLPHVWRQHV7KHGHFUHDVH LQ
QLWUDWH FRQFHQWUDWLRQ LQ VSULQJZDWHUPD\ EH DOVR KDPSHUHG E\
GLIIXVLRQRIQLWUDWHVIURPLPPRELOHZDWHULQWKHNDUVWDTXLIHULQWR
PRELOH ZDWHU RU JUDYLW\ ZDWHU (YHQ WKRXJK QLWURJHQ LQSXW LQ
DJULFXOWXUDOVRLOIURPIHUWLOL]HUVGHFUHDVHGLQWKH%RKHPLDQ.DUVW
LQFUHDVH LQ QLWURJHQ R[LGH FRQFHQWUDWLRQV FDU WUDIILF JDV
LQWURGXFWLRQ LQ ORFDODQGFHQWUDOKHDWLQJDQGJDV LQWURGXFWLRQ LQ
ODUJH PDQXIDFWXULQJ SODQWV DQG HYHQ LQFUHDVH LQ DPPRQLXP










7KH FRUUHODWLRQ EHWZHHQ PD[LPDO VSULQJ \LHOG GHFUHDVLQJ DQG
WLPH KDYH VKRZQ WKDW WKH GRPLQDQW FLUFXODWLRQ UHJLPHV RI WKH
+RO\QČ+RVWLP 6\QFOLQH DUH WKRVH ZLWK ODPLQDU JURXQGZDWHU
IORZ ZLWK GLIIHUHQW WLPHV RI NDUVW DTXLIHU HPSW\LQJ ,Q WKHVH
UHJLPHV URFNV DUHGHIRUPHGPRVWO\E\DGHQVH ODUJHO\HTXDOO\
VSDFHG QHWZRUN RI PLFURIUDFWXUHV DQG VPDOO MRLQWV DQG ZDWHU
VDWXUDWHG WHFWRQLF ]RQHV SOD\V D UROH RI D EXIIHU .DUVW
SHUPHDELOLW\ WDNHV HIIHFW RQO\ DIWHU KHDY\ SUHFLSLWDWLRQ HYHQWV
EHLQJDVVRFLDWHGSDUWLFXODUO\ZLWKVKDOORZDQGUDSLGJURXQGZDWHU
FLUFXODWLRQZLWKUHWDUGDWLRQWLPHRIVHYHUDOZHHNVWRPRQWKV









DQG ZHDWKHULQJ SURGXFWV DV ZHOO DV IURP WKH UHODWLYHO\ WKLFN
XQVDWXUDWHG ]RQH LQ OLPHVWRQHV E\ GLIIXVLRQ RI QLWUDWHV IURP
LPPRELOHZDWHULQWKHNDUVWDTXLIHUDQGLQFUHDVHLQQLWURJHQR[LGH
FRQFHQWUDWLRQV FDU WUDIILF HPLVVLRQ IURP ORFDO DQG FHQWUDO
KHDWLQJV\VWHPVDQGODUJHPDQXIDFWXULQJSODQWV:LWKUHVSHFWWR
DOOWKHVHIDFWVWKHUHDOGHFUHDVHLQQLWUDWHFRQFHQWUDWLRQVLQVSULQJ






*UDEF]DN - 0DORV]HZVNL 3 5R]DQVNL . =XEHU $ 
(VWLPDWLRQ RI WKH 7ULWLXP ,PSXW )XQFWLRQ ZLWK WKH $LG RI
6WDEOH,VRWRS&DWHQD*LHVHQ

+RUWRQ 5(  7KH UROH RI LQILOWUDWLRQ LQ WKH K\GURORJLFDO
F\FOH7UDQVDFWLRQV$PHU*HRSK\V5LFKPRQG8QLRQ

0DORV]HZVNL 3 =XEHU$  /XPSHG SDUDPHWHUPRGHOV IRU
LQWHUSUHWDWLRQ RI HQYLURQPHQWDO WUDFH GDWD ,Q 0DQXDO LQ
PDWKHPDWLFDO PRGHOV LQ LVRWRSH K\GURORJ\ ,QWHUQDW $WRPLF
(QHUJ\$JHQF\9LHQD,$($7(&'2&
<XUWVHYHU <  0RGHOV IRU WUDFHU GDWD DQDO\VLV ,Q
*XLGHERRN RQ 1XFOHDU 7HFKQLTXHV LQ +\GURORJ\ 7HFK 5HS
6HU,QWHUQDW$WRPLF(QHUJ\$JHQF\9LHQQD
äiN.HW DO +RORFHQH FDOFDUHRXV WXID DFFXPXODWLRQ DQG












































































































































$ E V W U D F W   ([WHQVLYH VDPSOLQJ RI WKUHH DTXLIHUV QDPHO\6KDKURRG (& DYHUDJH PLQ PD[ 6FP DYHUDJH
S+ DYHUDJHWHPS R&%DVWDP(&DYHUDJH PLQ PD[ 6FPDYHUDJHS+ DYHUDJHWHPS R&










6KDKURRG'LVWULFW LQ WKH QRUWKHDVW ,UDQ LV D K\GURORJLFDOO\ DULG
UHJLRQ ZKHUH  GHHS DTXLIHUV DUH YLUWXDOO\ WKH VROH VRXUFH RI
ZDWHU IRU WKH GLVWULFW SURGXFLQJ  0P RI ZDWHU SHU \HDU
%DNKVKL7KHGLVWULFWLVORFDWHGLQWKHVRXWKRIWKH&DVSLDQ
6HDDQGIRUPVSDUWRIWKHQRUWKHUQPDUJLQDQGFHQWUDOVHFWLRQRI
WKH .DYLU 1DPDN 'UDLQDJH %DVLQ .1'% RQH RI WKH GULHVW
GUDLQDJHEDVLQVRQWKH(DUWK)LJ,WLVKRPHWRRYHU
SHRSOH  NP LQ DUHD DQG LV UHJDUGHG DV WKH DJULFXOWXUDO
FHQWUH RI WKH 3URYLQFH RI 6HPQDQ 'LVWULFW ZLGH DJULFXOWXUDO
SUDFWLFHVFRQVXPHVRYHURI WKHWRWDOJURXQGZDWHUSURGXFHG
%DNKVKL  7R JDLQ DQ LQVLJKW LQWR WKH TXDOLW\ DQG
YXOQHUDELOLW\ RI JURXQGZDWHU DQG WKH JRYHUQLQJ IDFWRUV WKUHH
DTXLIHUV LQFOXGLQJ 6KDKURRG %DVWDP DQG 0RMHQ DTXLIHUV ZHUH
VDPSOHG H[WHQVLYHO\ LQ 2Q WRS RI  VDPSOHV IURP WKHVH
WKUHH DTXLIHUV VQDS VKRW VDPSOHV ZHUH WDNHQ IURP VRPH RWKHU
DTXLIHUV ,OOXVWUDWHG LQ7DE DUH WKH UHVXOWV RI(& WHPSHUDWXUH
DQGS+YDOXHVDVZHOODV WKH W\SLFDOFKHPLFDODQDO\VLV IURPWKH
PHQWLRQHG WKUHH DTXLIHUV )RU VFDWWHUHG VDPSOHV WKH (& YDOXHV
DUHVKRZQRQ)LJ
*HRORJLFDOO\DZLGHUDQJHRIJHRORJLFDOIRUPDWLRQVFURSRXW
LQ WKH GLVWULFW UDQJLQJ IURP YROFDQLF PHWDPRUSKLF DQG
VHGLPHQWDU\ URFNV :DWHU EHDULQJ VWUDWD LQFOXGH DOOXYLDO IDQV




RQH DQG LV VXUURXQGHG E\ HOHYDWHG PRXQWDLQ UDQJHV %DVWDP
DTXLIHULVFRPSRVHGRIDFRPELQDWLRQRIFORVHO\ORFDWHGDOOXYLXP
DQG FDUERQDWH URFNV 6LPLODUO\ DOOXYLXP IRUPV WKH PDLQ ZDWHU





6KDKURRG &LW\ ZLWK D SRSXODWLRQ RI DERXW  SHRSOH DQG







(& YDOXHV ZLWK DQ DYHUDJH RI  PLQLPXP RI  DQG




DOVR VKRZ WKH KLJKHVW WHPSHUDWXUH YDOXHV ZLWK DQ DYHUDJH RI
&%DVWDP$TXLIHU LQ WHUPVRI(&DQG WHPSHUDWXUH IDOOV LQ
EHWZHHQ6KDKURRGDQG0RMHQDTXLIHUV&RQVLGHULQJWKHORFDWLRQ
RIWKHWKUHHDTXLIHUVLQ)LJLWLVHDVLO\FRQFOXGHGWKDWWKHUHLVDQ
HDVWZDUG LQFUHDVH LQ WKH JURXQGZDWHU (& DQG JURXQGZDWHU
WHPSHUDWXUH 7KLV LV DWWULEXWHG WR WKH IDFW WKDW WKH UDLQ EHDULQJ
FORXGVRULJLQDWHVIURPWKH&DVSLDQ6HDLQWKHQRUWKDQGQRUWKZHVW
DQG DUH EORFNHG E\ WKH $OERU] PRXQWDLQ UDQJHV ,Q DGGLWLRQ
QRUWKHUQ DQG ZHVWHUQ SDUWV RI WKH GLVWULFW KDYH D PRXQWDLQRXV
ODQGVFDSH ZKLOH VRXWKHUQ SDUW LV PDLQO\ D ORZ O\LQJIODW SODLQ
ZLWK RQO\ D VPDOO QXPEHU RI VFDWWHUHG PRXQWDLQV 7KHUHIRUH
UDLQIDOOLVGHFUHDVHGHDVWZDUGZKLOHWKHDLUWHPSHUDWXUHLQFUHDVHV
$V D FRQVHTXHQFH WKH TXDQWLW\ RI UHFKDUJHG ZDWHU GHFUHDVHV
HDVWZDUGZKLOHLWVVROXWHFRQWHQWDQGWHPSHUDWXUHLQFUHDVHV
6FDWWHUHG VDPSOHV FROOHFWHGGLVWULFWZLGHDUHKLJKO\YDULDEOH
LQ (& 7KHLU (&V UDQJH IURP  WR  6FP 7KH
YDULDWLRQ LVPDLQO\DWWULEXWHG WR WKHDERYHPHQWLRQHGIDFWRU LH





LWV VDOLQLW\ LV DWWULEXWHG WR WKH HIIHFW RI ORFDO J\SVLIHURXV PDUO
IRUPDWLRQV $Q LUULJDWLRQ ERUH GULOOHG LQWR %DVWDP DTXLIHU DQG
ORFDWHGNPWRWKHQRUWKRI6KDKURRG&LW\VKRZVWKHORZHVW(&
LQ WKH GLVWULFW $OWKRXJK WKLV ERUH WDSV DOOXYLDO DTXLIHU EXW WKH
JURXQGZDWHU LV WKRXJKW WRRULJLQDWH IURPQHDUE\FDUERQDWH URFN
IRUPDWLRQV,QWKHVRXWKHUQDQGHDVWHUQHQGVRIWKHGLVWULFWZKHUH
KDUVKQHVV RI WKH FOLPDWH KDV UHGXFHG WKH KXPDQ SRSXODWLRQ WR




S+ZLWK DOO WKUHH DTXLIHUV KDYLQJ DQ DYHUDJH S+ RI DERXW 
+RZHYHU FDUERQDWH URFN VDPSOHV %DVWDP $TXLIHU DYHUDJH
S+ KDYHDKLJKHUS+WKDQDOOXYLDODTXLIHUV,QDGGLWLRQWKH





,Q WHUP RI SROOXWLRQ DQG JURXQGZDWHU YXOQHUDELOLW\ DJULFXOWXUDO
DFWLYLWLHV DQG VRPH ORFDO LQGXVWULHV LQ WKH QRUWKHUQ SDUW RI WKH
GLVWULFWPDLQO\ DURXQG WKH 6KDKURRG&LW\ DUH FRQVLGHUHG WR EH
WKHSRWHQWLDOWKUHDWV7KHGHHSQHVVRIWKHZDWHUWDEOHDQGWKHORZ
DQQXDO DYHUDJH UDLQIDOO DERXW  PP UHGXFHV WKH ULVN RI
DQWURSRJHQLF FRQWDPLQDWLRQ RI JURXQGZDWHU VLJQLILFDQWO\7KHVH
WZR IDFWRUV GHSWK WRZDWHU WDEOH DQG QHW UHFKDUJH DUH WKH WZR
PRVW LPSRUWDQW IDFWRUV LQ WKH'5$67,&V\VWHPRIYXOQHUDELOLW\
HYDOXDWLRQ $OOHU  +RZHYHU H[WHQVLYH DSSOLFDWLRQ RI
IHUWLOL]HUV LQ WKH FDSWXUH ]RQH RI VRPH DTXLIHUV OLNH0RMHQZLOO
HYHQWXDOO\ FRQWDPLQDWH WKH JURXQGZDWHU $W SUHVHQW WKH
FRQFHQWUDWLRQVRIQLWUDWHDQGSKRVSKDWHLQWKH0RMHQ$TXLIHUDUH




WHUP XVHG LQ )DUVL WR GHVFULEH WKH EDUUHQ GHVHUWV DQG VDOW ODGHQ
SOD\DVDQGFRQWDPLQDWLRQDVDUHVXOWRIRYHUH[SORLWDWLRQDUHWKH
FKLHI LVVXHV 7KH FDXVHV RI KLJK VDOLQLW\ LQ WKH .DYLU .DYLU
.KDUWRXUDQ IRU LQVWDQFH )LJ DUH FRQQDWH ZDWHU KLJK
HYDSRUDWLRQ UDWH KLJKHU WKDQ  P LQ VRPH SDUWV ORZ UDLQIDOO
LQDGHTXDWHGUDLQDJHGXHWRIODWQHVVRIWKHODQGVFDSHDQGEXLOGXS
RI VXUIDFH VDOWV WKURXJK JHRORJLFDO WLPHV 'LVWULFW ZLGH
JURXQGZDWHU UHFKDUJH VFKHPHV KDYH EHHQ GHVLJQHG WR HQKDQFH
WKH TXDQWLW\ RI UHFKDUJHG ZDWHU DQG WR LQFUHDVH WKH ZDWHU LQ
VWRUDJH 7KHVH DUH KRSHG WR UHGXFH WKH VDOWZDWHU LQWUXVLRQ
SRWHQWLDO DQG DOOHYLDWH WKH RYHUGUDIW UHODWHG TXDOLW\ SUREOHPV
.D]HPL HW DO  *\SVLIHURXV PDUO IRUPDWLRQV ZKLFK DUH





7KURXJKRXW WKH6KDKURRG'LVWULFW WKHUH LV DQHDVWZDUG LQFUHDVH
LQ WKH VROXWH FRQWHQW DQG WKH WHPSHUDWXUH RI JURXQGZDWHU 7KLV
WUHQG VKRZV D VLJQLILFDQW FRUUHODWLRQZLWK WKH GLVWDQFH IURP WKH
&DVSLDQ 6HD LH WKH ORQJHU WKH GLVWDQFH IURP WKH&DVSLDQ 6HD
WKHKLJKHU WKH(&DQG WKH WHPSHUDWXUHRIJURXQGZDWHU7KHUH LV
QR VXEVWDQWLDO WUHQG LQ WKH YDOXH RI S+ *URXQGZDWHU VDPSOHV
FROOHFWHG IURP FDUERQDWH URFN DTXLIHUV DUH ORZHU LQ (& DQG
KLJKHU LQS+ WKDQ WKRVHFROOHFWHG IURPWKHQHLJKERULQJDOOXYLDO
DTXLIHUV *HQHUDOO\ VSHDNLQJ WKH FRQWDPLQDWLRQ ULVN RI






5DQJHV .1'% 6KDKURRG'LVWULFW LQ WKH1RUWKHDVW ,UDQ
 7KUHH VWXGLHG DTXLIHUV DQG  .DYLU .KDUWRXUDQ DQ






7DEOH  7KH YDOXH RI SK\VLFDO SDUDPHWHUV PHDVXUHG GXULQJ
WKH VWXG\ DQG WKH FKHPLFDO DQDO\VLV RI WKH UHSUHVHQWDWLYH
VDPSOHVIURPWKHWKUHHVWXGLHGDTXLIHUV
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DQG VROXWLRQV IRU WKHPDQDJHPHQWRIZDWHU VKRUWDJHSUREOHPV
LQ 6KDKURRG ,Q 3URF RI 6KDKURRG DQG 'HYHORSPHQW
6\PSRVLXP6KDKURRG,UDQSS
.D]HPL *$ 0HKGL]DGHK + $VKRXUL 5  (YDOXDWLRQ RI
JURXQGZDWHU UHFKDUJH VFKHPHV LQ WKH 6KDKURRG 'LVWULFW
1RUWKHDVW ,UDQ ,Q 'LOORQ 3 HG 0DQDJHPHQW RI $TXLIHU
















$ E V W U D F W   7KHFRPPXQDOZDWHUVXSSO\RI/HSSlYLUWDLVEDVHGRQEHGURFNJURXQGZDWHU7KHFRQFHQWUDWLRQVRILURQPDQJDQHVH
DQGUDGRQLQZDWHUIURPVRPHRIWKHSURGXFWLRQZHOOVH[FHHGWKHUHFRPPHQGHGPD[LPXPYDOXHV*HRORJLFDOIDFWRUVDIIHFWLQJWKH
TXDOLW\ RI EHGURFN JURXQGZDWHU LQ/HSSlYLUWDZHUH H[DPLQHGE\XWLOL]LQJZDWHU DQDO\VHV SXPSLQJGDWD DQGGULOO ORJV*HRORJLFDO
PDSSLQJWKLQVHFWLRQVRIURFNVDQGFKHPLFDOURFNVDPSOHDQDO\VHVZHUHDOVRXVHGIRUFKDUDFWHUL]LQJWKHJHRORJ\&RQFHQWUDWLRQVRI
5QDUHKLJKHVWLQZDWHUVRIZHOOVGULOOHGLQWRJUDQLWH7KHFRQFHQWUDWLRQVRI)HDUHFOHDUO\GHSHQGHQWRQWKHR[\JHQFRQWHQW7KH0Q







/HSSlYLUWD LV D PXQLFLSDOLW\ RI  LQKDELWDQWV LQ WKH 1RUWK
6DYRUHJLRQRIHDVWHUQ)LQODQGDERXWNPVRXWKRI.XRSLR7KH
FRPPXQDO ZDWHU VXSSO\ RI /HSSlYLUWD LV EDVHG RQ EHGURFN
JURXQGZDWHU SXPSHG IURP  ERUHKROH ZHOOV /HSSlYLUWD LV WKH
ILUVW DQG RQO\ WRZQ LQ )LQODQG WR H[WHQVLYHO\ XVH EHGURFN
JURXQGZDWHU IRU LWV ZDWHU VXSSO\ VLQFH ODUJHU FRPPXQLWLHV LQ
)LQODQGFRPPRQO\UHO\RQHVNHUVDQGRWKHUJODFLRIOXYLDODTXLIHUV
RU VXUIDFH ZDWHUV 'XH WR WKH ODFN RI VLJQLILFDQW JODFLRIOXYLDO
IRUPDWLRQVWKHPXQLFLSDOLW\WRJHWKHUZLWKWKHIRUPHU:DWHUDQG
(QYLURQPHQW 'LVWULFW RI .XRSLR DQG WKH *HRORJLFDO 6XUYH\ RI
)LQODQG *6) FDUULHG RXW LQYHVWLJDWLRQV WR DVVHVV WKH DUHD
V
EHGURFNJURXQGZDWHUSRWHQWLDO$FKDQJHLQOHJLVODWLRQKDVOHGWR




WKH UHFRPPHQGHG OLPLWV DQG VLPSOH WUHDWPHQW LV WKXV UHTXLUHG
7KHUHFRPPHQGHGYDOXHVJLYHQE\WKH0LQLVWU\RI6RFLDO$IIDLUV
DQG+HDOWK DQG WKH5DGLDWLRQ DQG1XFOHDU 6DIHW\$XWKRULW\ IRU
SRWDEOH ZDWHU GLVWULEXWHG E\ XWLOLWLHV LQ )LQODQG DUH IRU )H0Q
DQG5QPJ/J/DQG%T/UHVSHFWLYHO\
7KH FRPSRVLWLRQ RI EHGURFN JURXQGZDWHU UHIOHFWV WKH URFN
W\SH K\GURORJLFDO IORZ FRQGLWLRQV DQG FKHPLFDO LQWHUDFWLRQV ±
ZKLFKDUHDIIHFWHGHJE\UHGR[SURFHVVHV±EHWZHHQZDWHUDQG
URFNIRUPLQJPLQHUDOV)HDQG0QDUHGLVVROYHGLQJURXQGZDWHU
SULPDULO\ WKURXJK ZHDWKHULQJ RI PDILF VLOLFDWH PLQHUDOV DQG




WKH JHRORJLFDO VWUXFWXUH DQG IORZ SDWWHUQ +DWYD  5Q
ZKLFKLVDPHPEHURI WKHXUDQLXPUDGLRDFWLYHGHFD\VHULHV
FDQEHIRXQGLQKLJKFRQFHQWUDWLRQVHVSHFLDOO\LQJURXQGZDWHUVRI
JUDQLWH DUHDV *UDQLWLF URFNV FRQWDLQ HOHYDWHG OHYHOV RI 8
6DORQHQ
7KH 3DODHRSURWHUR]RLF EHGURFN RI WKH /HSSlYLUWD DUHD
FRQVLVWVPDLQO\ RI V\QRURJHQLF JUDQLWHV DQGJUDQRGLRULWHVPLFD
VFKLVWV PHWDYROFDQLF URFNV DQG VXOSKLGLF VFKLVWV 7KH UHVHDUFK
DUHD UHSUHVHQWV WKH FRQWDFW UHJLRQ EHWZHHQ WKH 6YHFRIHQQLDQ
VFKLVWEHOW6DYRVFKLVWVDQGWKH.DUHOLDQVFKLVWEHOW7KHDUHDLV
ORFDWHG LQ D]RQHDIIHFWHGE\DPDMRUJHRWHFWRQLF VXWXUHNQRZQ
DV WKH5DDKH/DGRJD IUDFWXUH OLQH7KH URFNV LQ WKH6DYRVFKLVW
]RQHDUHW\SLFDOO\VWURQJO\PHWDPRUSKRVHGDQGPLJPDWL]HG7KH
GLUHFWLRQ RI IUDFWXUH ]RQHV LV FRPPRQO\ 1:±6( 7KH PLQHUDO
VRLO LV SUHGRPLQDQWO\ PRUDLQH 7KH  VXSSO\ ZHOOV DUH VLWXDWHG
PDLQO\HLWKHULQWKHJUDQLWHRUPLFDVFKLVWJQHLVVDUHDDOORZLQJ
D VWXG\ RI SRWHQWLDO GLIIHUHQFHV LQ ZDWHU FRPSRVLWLRQV DULVLQJ





6LQFH WKHV WKHVWXGLHVKDYH LQFOXGHGSXPSLQJ WHVWVZDWHU
TXDOLW\ DQDO\VHV DQG JHRSK\VLFDO JURXQG VXUYH\LQJ VXFK DV
VHLVPLF VRXQGLQJV DQG LQWHUSUHWDWLRQ RI DHURJHRSK\VLFDO GDWD
%UHLOLQ  7KH ZDWHU TXDOLW\ DQDO\VHV KDYH QRW EHHQ
SHUIRUPHGUHJXODUO\DQGWKHZHOOVDQGFKHPLFDOSDUDPHWHUVKDYH
YDULHG 6LQFH  WKH DQDO\VHV KDYH EHHQ FRQVLVWHQWO\ FDUULHG
RXW E\ WKH VDPH ODERUDWRU\ WKH 9DUNDXV &LW\ )RRG DQG
(QYLURQPHQWDO/DERUDWRU\
7KH PRUH GHWDLOHG SUHVHQW VWXG\ LQFOXGHV D UHYLHZ RI WKH
HDUOLHU GDWD VXFK DVZDWHU DQDO\VHV SXPSLQJ WHVWV DQG GULOO ORJ
QRWHV &RPSOHPHQWDU\ JHRORJLFDO PDSSLQJ VWXG\LQJ RI WKLQ
VHFWLRQVRI WKH URFNVDQGFKHPLFDO URFN VDPSOHDQDO\VHV ;5)
ZHUH DOVR XVHG WR FKDUDFWHUL]H WKHZHOO HQYLURQPHQWV DOORZLQJ
FRPSDULVRQ ZLWK GLIIHUHQW JURXQGZDWHU TXDOLW\ SDUDPHWHUV
$GGLWLRQDOZDWHU VDPSOHVZHUH WDNHQ DQG DQDO\VHG IRU FRPPRQ






7KH WKLQ VHFWLRQ VWXGLHV WKDW ZHUH UHVWULFWHG WR 6RUVDNRVNL
LQGLFDWHGWKDWWKHJUDQLWHLQWKHDUHDLVW\SLFDOO\SRUSK\ULWLFZLWK
PLFURFOLQHTXDUW]ELRWLWHDQGSODJLRFODVHDV WKHPDLQPLQHUDOV
$SDWLWH ]LUFRQ DQG RSDTXHV RFFXU DV DFFHVVRU\ PLQHUDOV 7KH
PLFD JQHLVVHV LQ 6RUVDNRVNL FRQVLVW RI PLFDV TXDUW] DQG
SODJLRFODVH
5Q LV PRVW FOHDUO\ GHSHQGHQW RQ WKH URFN W\SH RI WKH
ERUHKROHZHOO7KHFRQFHQWUDWLRQVRI5QDUHKLJKHVWLQWKHZHOO









KLJKHVW LQ 6 PHDQ  PJ/ DQG ORZHVW LQ 6 PHDQ 




DQG3ZKHUH WKHEHGURFN LVPLFDJQHLVVDQG LQ6ZKHUH WKH
EHGURFN FRQVLVWV PDLQO\ RI JUDQLWH EXW DOVR PLFD JQHLVV 7KH
PHDQFRQFHQWUDWLRQV LQ33DQG6DUHJ/J/




7KH 0Q FRQFHQWUDWLRQV LQ 3RKMXNDQVDOR DUH FXUUHQWO\ ±
WLPHV KLJKHU WKDQ LQ WKH HDUO\ V GXULQJ WKH SXPSLQJ WHVWV
)LJ7KH)HFRQFHQWUDWLRQV LQFRQWUDVWKDYHQRWYDULHG7KH
H[WUDFWHG YROXPHV DUH FXUUHQWO\ GXULQJ FRQWLQXRXV H[WUDFWLRQ 
WLPHVVPDOOHUWKDQGXULQJWKHSXPSLQJWHVWV6LQFHDIWHUWKH
3RKMXNDQVDORZHOOVZHUHEURXJKWLQWRXVHWKH0QFRQFHQWUDWLRQV
KDYH LQFUHDVHG XQWLO  HVSHFLDOO\ LQ 3 6LQFH  ±
SUREDEO\GXHWRORZUHFKDUJH±WKHH[WUDFWLRQYROXPHVKDYHEHHQ
 VPDOOHU WKDQ LQ ± &RQWLQXHG PRQLWRULQJ ZLOO
YHULI\ZKHWKHU WKH0QFRQFHQWUDWLRQZLOO UHPDLQ DW WKH OHYHO WR
ZKLFKLWKDVULVHQ

)LJXUH  3XPSLQJ YROXPHV Ŷ DQG 0Q Ÿ DQG )H Ɣ
FRQFHQWUDWLRQVLQZHOO31RWHWKHVWHSVLQWKHWLPHD[LV







)LJXUH  7ULDQJXODU GLDJUDP VKRZLQJ WKH HTXLYDOHQW







KLJKHU LQ ERUHKROH ZHOO ZDWHUV RI /HSSlYLUWD WKDQ WKH PHDQ




FRQWHQWV DUH VWURQJO\ GHSHQGHQW RQ WKH FRQFHQWUDWLRQ RI2 EXW
WKHUHZDVQRFRUUHODWLRQEHWZHHQWKH)HFRQWHQWVDQGURFNW\SH
7KHWKLFNQHVVRIWKHVRLODSSHDUVWRFRUUHODWHSRVLWLYHO\ZLWK WKH





7KH YDULDELOLW\ RI SUHYLRXV TXDOLW\ GDWD DYDLODEOH VLQFH WKH
V FRPSOLFDWHV WKH DVVHVVPHQW RI WHPSRUDO WUHQGV DQG
KLJKOLJKWV WKH VLJQLILFDQFH RI FRQVLVWHQF\ LQ PRQLWRULQJ
1HYHUWKHOHVVLWDSSHDUVOLNHO\WKDWWKHH[WUDFWLRQRIJURXQGZDWHU
KDV UHVXOWHG LQ D FKDQJH LQ ZDWHU TXDOLW\ ,QFUHDVLQJ
FRQFHQWUDWLRQVRI0Q LQ3RKMXNDQVDOR±HVSHFLDOO\ LQZHOO3±
PD\EHDUHVXOWRIGHFUHDVHLQWKHJURXQGZDWHUUHVRXUFHV%HIRUH
WKH SXPSLQJ WHVWV WKH DTXLIHUVZHUH IXOO\ UHFKDUJHG EXW GXULQJ
FRQWLQXRXV H[WUDFWLRQ WKH ZDWHU UHVRXUFHV KDYH GLPLQLVKHG DQG
WKHFRQFHQWUDWLRQVKDYH LQFUHDVHGXQWLO WKHSXPSLQJYROXPHKDV
EHHQ UHGXFHG 7KH FRQFHQWUDWLRQV RI )H DQG 0Q LQ 3 KDYH
UHFHQWO\GHFUHDVHGEXWWKHODWHVWGDWDIURP'HFHPEHUVKRZ
WKDW WKH )H DQG 0Q FRQWHQWV KDYH DJDLQ LQFUHDVHG DIWHU ZDWHU
H[WUDFWLRQ KDG EHHQ UDLVHG 7KH H[WUDFWLRQ KLVWRU\ RI ZHOOV LQ
3RKMXNDQVDORLVWKHORQJHVWLQWKHDUHD±DSSUR[LPDWHO\\HDUV
± DQG LV WKHUHIRUH PRVW OLNHO\ WR LQGLFDWH FKDQJHV LI DQ\ 7R




ZDWHU H[WUDFWLRQ D IROORZXS LQYHVWLJDWLRQRI SXPSLQJYROXPHV






%UHLOLQ 2  .DOOLRSRKMDYHWWl /HSSlYLUUDQ NXQQDOOH
%HGURFN JURXQGZDWHU IRU /HSSlYLUWD PXQLFLSDOLW\ ,Q
6DORQHQ 93 HG <PSlULVW|JHRORJLDQ SlLYlW 
VXRPDODLQHQ SRKMDYHVLJHRORJLD RKMHOPD ± WLLYLVWHOPlW ±
RVDOOLVWXMDW (QYLURQPHQWDO JHRORJ\ PHHWLQJ 
JURXQGZDWHU JHRORJ\ LQ )LQODQG SURJUDPPH ± DEVWUDFWV ±
SDUWLFLSDQWV >LQ )LQQLVK@ 3XEOLFDWLRQV RI WKH 'HSDUWPHQW RI
4XDUWHUQDU\*HRORJ\8QLYHUVLW\RI7XUNX
+DWYD7  ,URQDQGPDQJDQHVH LQJURXQGZDWHU LQ)LQODQG
RFFXUUHQFHLQJODFLIOXYLDODTXLIHUVDQGUHPRYDOE\ELRILOWUDWLRQ
3XEOLFDWLRQVRI WKH:DWHU DQG(QYLURQPHQW5HVHDUFK ,QVWLWXWH
1DWLRQDO%RDUGRI:DWHUVDQGWKH(QYLURQPHQW+HOVLQNL
SS
/DKHUPR 3 9XRULQHQ $  *HRFKHPLVWU\ DQG
ELRJHRFKHPLVWU\ RI )H DQG 0Q LQ )LQQLVK VXUIDFH ZDWHU DQG
JURXQGZDWHU&KHPLFDO*HRORJ\
/DKHUPR 3 ,OPDVWL 0 -XQWXQHQ 5 7DND 0  7KH
*HRFKHPLFDO$WODV RI)LQODQGSDUW7KH+\GURJHRFKHPLFDO
0DSSLQJ RI )LQQLVK *URXQGZDWHU *HRORJLFDO 6XUYH\ RI
)LQODQG(VSRRSS
6DORQHQ /  8 VHULHV UDGLRQXFOLGHV DV D VRXUFH RI
LQFUHDVHGUDGLRDFWLYLW\LQJURXQGZDWHURULJLQDWLQJIURP)LQQLVK
EHGURFN ,Q 6RYHUL - 6XRNNR 7 HGV )XWXUH JURXQGZDWHU
UHVRXUFHV DW ULVN SURFHHGLQJV RI DQ LQWHUQDWLRQDO FRQIHUHQFH














































































$ E V W U D F W   6DOLQL]DWLRQ SURFHVVHV LQ WKH (RFHQH FKDON DTXLIHU LQ WKH 1HJHY LQYROYH WKUHH GLIIHUHQW PHGLD WKH SRURXV FKDON
PHGLXP ZKLFK FRQWDLQV VDOLQH ZDWHU RI VHD RULJLQ DPHGLXP RI ILQH IUDFWXUHV DQG RQH RI NDUVWLILHG IUDFWXUHV 7KH SRURXV FKDON
PHGLXP GRHV QRW SDUWLFLSDWH LQ WKH JURXQGZDWHU IORZ WKRXJK LW FRQWULEXWHV VDOWV E\ GLIIXVLRQ WR WKH IUDFWXUHV$PHGLXP RI ILQH







7KLV SDSHU SUHVHQWV WKH FRQFHSWXDO PRGHO RI JURXQGZDWHU
VDOLQL]DWLRQ LQ IUDFWXUHGFKDONDTXLIHU LQ WKH1HJHY ,VUDHO7KLV
FRQFHSWXDO PRGHO PDNHV LW SRVVLEOH WR H[SODLQ WKH XQFRPPRQ
SKHQRPHQD REVHUYHG LQ WKLV DTXLIHU VXFK DV GHFUHDVLQJ ZDWHU
OHYHOVDFFRPSDQLHGE\GHFUHDVHLQJURXQGZDWHUVDOLQLW\SUHVHQFH




D WUDQVSRUW PRGHO RI SRURXV PHGLXP IUDFWXUH LQWHUIDFH
E WUDQVSRUW PRGHO VLPXODWH SXPSLQJ WHVW LQ WKH DTXLIHU
FIORZPRGHOYLDXQVDWXUDWHG]RQH
)LHOGREVHUYDWLRQVKDYHEHHQXVHGIRUPRGHOVFDOLEUDWLRQ$OO







RI ILVVXUHG (RFHQH FKDON 7ZRPDLQ IUDFWXUH W\SHV V\VWHPV DUH
UHFRJQL]HGLQWKHFKDON)LJ
D6LQJOHOD\HUIUDFWXUHVZLWKRSHQLQJVRIRQHPPDQGOHVV
E0XOWLOD\HU IUDFWXUHVZLWK RSHQLQJV RI XS WR VHYHUDO FP






7KH JURXQGZDWHU VDOLQLW\ 7'6 LQ WKH DTXLIHU UDQJHV IURP
PJOXSWRPJ/:DWHUVDOLQLW\LQFUHDVHVDORQJWKHIORZ
SDVV :DWHU FKDUDFWHUL]HG E\ PDULQH OLNH UDWLRV RI PDMRU LRQV
U1DU&Oa U0JU&OaDQG&O%Ua6DPHPDULQH OLNH
LRQV UDWLRV DQG VDOLQLW\ 7'6 XS WR PJ/
KDYH EHHQ REVHUYHG LQ WKH FKDON SRUHZDWHU SRUH
ZDWHU KDV EHHQ H[WUDFWHG DSSO\LQJ LPPLVFLEOH
GLVSODFHPHQWPHWKRG
,W ZDV DVVXPHG WKDW WKH PDLQ VRXUFH RI WKLV
VDOLQLW\ LV DQFLHQW UHVLGXDO ZDWHU WUDSSHG LQ WKH
FKDONSRUHV
7KH DSSOLFDWLRQ RI WKH D TXDQWLWDWLYH PXOWL
FRPSRQHQW PL[WXUH PRGHO UHYHDOHG WKDW
JURXQGZDWHURI WKH$YGDWDTXLIHUKDVEHHQIRUPHG
E\ PL[LQJ RI IUHVK UDLQ DQG IORRGZDWHU ZLWK WKH
FKDON
VSRUHZDWHU3RUHZDWHUFRQWULEXWHVOHVVWKDQ






DQG PRVW RI WKH IORZ LQ WKH DTXLIHU WDNHV SODFH
DORQJ IUDFWXUHV 7KH IORZ DQG WUDQVSRUW SURFHVVHV
LQYROYHWKUHHGLIIHUHQWPHGLD)LJ
7KHSRURXVFKDONPHGLXP&KDUDFWHUL]HGE\
D YHU\ KLJK VWRUDJH FRHIILFLHQW DQG H[WUHPHO\ ORZ
FRQGXFWLYLW\ 7KLVPHGLXP GRHV QRW SDUWLFLSDWH LQ
WKH JURXQGZDWHU IORZ EXW FRQWULEXWHV VDOWV E\
GLIIXVLRQ WR WKH IUDFWXUHV PRVWO\ WR WKH ILQH
IUDFWXUHV
$ PHGLXP RI ILQH IUDFWXUHV XQDIIHFWHG E\
NDUVWLF GHYHORSPHQW (DFK ILQH IUDFWXUH LV
FKDUDFWHUL]HGE\ORZK\GUDXOLFFRQGXFWLYLW\DERXW
 PGD\ $ ODUJH QXPEHU RI VXFK IUDFWXUHV
GHILQHV ORZ FRQGXFWLYLW\ DQG D KLJK VWRUDJH






$ PHGLXP RI NDUVWLILHG IUDFWXUHV HQODUJHG E\ NDUVWLF
SURFHVVHV (DFK NDUVWLILHG IUDFWXUH LV FKDUDFWHUL]HG E\ KLJK
K\GUDXOLFFRQGXFWLYLW\ DERXWPGD\+RZHYHURZLQJ WRD
UHODWLYHO\ VPDOOQXPEHURINDUVWDIIHFWHG IUDFWXUHV DERXWRI
DTXLIHUYROXPHWKHHQWLUHPHGLXPRINDUVWLILHGIUDFWXUHVKDVKLJK
FRQGXFWLYLW\DQGORZVSHFLILFVWRUDJH




















$ E V W U D F W   7KHPLQHUDOZDWHUVRI3HGUDV6DOJDGDVDUH ORFDWHG LQ WKH1RUWK RI3RUWXJDO LQ IUDFWXUHG URFN IRUPDWLRQVDVVRFLDWHG
ZLWK GLIIHUHQW W\SHV RI JUDQLWHV7KHLU JHQHVLV LV UHODWHG WR WKH JUHDW IDXOW V\VWHPRI3HQDFRYD5pJXD9HULQ7KHPLQHUDOLVDWLRQ RI
WKHVHFDUERQDWHGZDWHUVZLWKQDWXUDOJDVUDQJHGIURPPJ/WRPJ/ZLWKYDOXHVRI&2UDQJLQJIURPPJ/WR
PJ/ 7KH K\GURFKHPLFDO IDFLHV LV VRGLXPFDUERQDWHG ,Q RUGHU WR XQGHUVWDQG WKH LQWHUFRUUHODWLRQV EHWZHHQ WKH PDLQ SK\VLFDO
FKHPLFDOSDUDPHWHUVDQGUHVSHFWLYHWHPSRUDOSDWWHUQVRIWKHVHZDWHUVDVHWRIVWDWLVWLFDODQGPXOWLYDULDWHGDWDDQDO\VLVWHFKQLTXHVZHUH
XVHG'DWDZHUHPRQLWRUHG LQREVHUYDWLRQSRLQWV  GHHSZHOOV DQG VSULQJV0RUH WKDQZDWHUTXDOLW\SDUDPHWHUVKDYHEHHQ








3RUWXJDO LV RQH RI WKH ULFKHVW (8 FRXQWULHV LQ ZKDW FRQFHUQV
PLQHUDO ZDWHUV 9LGDJR3HGUDV 6DOJDGDV K\GURPLQHUDO ILHOG
VLWXDWHG LQ 1RUWK RI 3RUWXJDO LV RQH RI WKH PRVW LPSRUWDQW
3RUWXJXHVH FRQFHVVLRQ ,Q VSLWH RI WKH HQRUPRXV LPSRUWDQFH RI
WKHVH PLQHUDO ZDWHU UHVRXUFHV WKHUH LV QRWZLWKVWDQGLQJ D JUHDW
DEVHQFH RI SODQQLQJ DQGPDQDJHPHQW WRROV WKDW DOORZ D FRUUHFW
RSWLPLVDWLRQ RI WKH H[SORLWDWLRQ RI WKH UHVRXUFH &RQVHTXHQWO\
WKHUH LV D JURZLQJ QHHG WR DSSO\ DGHTXDWH WRROV WKDW SHUPLW D
SURSHU TXDQWLWDWLYH DQG TXDOLWDWLYH HYDOXDWLRQ RI WKRVH IOXLGV







7KH H[LVWLQJ FDUERQDWHG ZDWHUV LQ 3RUWXJDO DUH ORFDWHG LQ WKH
QRUWKDUHDRI WKH+HVSHULF0DVVLIQDPHO\LQWKHPLGGOH*DOL]D
6XE]RQH VHH ILJ 7KHLU JHRJUDSKLFDO ORFDWLRQ LV ZHOO
FRUUHODWHG ZLWK UHJLRQDO IDXOW V\VWHPV 7KH\ HPHUJH RQ WKH
JUDQLWHVDQGVFKLVWXVXDOO\RQWKHLQWHUVHFWLRQEHWZHHQWKHJUHDW
UHJLRQDO IDXOWV DQG WKHLU FRQMXJDWHV EHFDXVH LW LV QRUPDOO\ RQ
WKHVHVLWHVWKDWWKHEHVWFRQGLWLRQVIRUWKHULVLQJRIWKHIOXLGVIURP
WKH GHHS ]RQHV RI WKH FUXVW H[LVW 7KHVH IOXLGV H[KLELW DW WKH
VXUIDFH VHYHUDO OHYHOV RI DOWHUDWLRQ 7KH SUHVHQWHG FDUERQDWHG
ZDWHUV DUH UHODWHG ZLWK WKH JUHDW 3HQDFRYD5pJXD9HULQ IDXOW
ZLWKD11(66:GLUHFWLRQZKLFKLVORQJDQGGHHSDQGDIIHFWV
WKHHQWLUHFRQWLQHQWDOVFUXVW7KHFDUERQDWHGVSULQJVRFFXUPDLQO\













7KH PLQHUDO ZDWHUV RI 3HGUDV 6DOJDGDV DUH K\SRWKHUPDO ZLWK
YDOXHV EHORZ & 7KH\ DUH QDWXUDOO\ FDUERQDWHG ZLWK KLJK
FRQWHQW RI VRGLXP 0LQHUDOL]DWLRQ UDQJHV IURP  PJ/ WR






)WH 6DEURVR DQG 6DEURVR 1RYD 1DVFHQWH LQ 3HGUDV 6DOJDGDV
FRQFHVVLRQ
7KH PRQLWRULQJ SURJUDP LPSOHPHQWHG E\ WKH *HRORJLFDO
0LQLQJ ,QVWLWXWH VLQFH  FRQVLVWV RQ  WR  VLPSOH SK\VLFDO
FKHPLFDODQDO\VHVSHU\HDUDQGRQHFRPSOHWHDQDO\VLVHYHU\RU
 \HDUV )RU WKLV VWXG\ D WRWDO RI  REVHUYDWLRQV LV DYDLODEOH
IURP WKH SHULRG UDQJLQJ IURP  WR  (DFK REVHUYDWLRQ
FRQVLVWVRQLQIRUPDWLRQRIWKHIROORZLQJYDULDEOHV)&26L2
&O+&2621D0J DQG&D)RU D ILUVW YLVXDOLVDWLRQRI WKH
WHPSRUDO HYROXWLRQ RI HDFK SDUDPHWHU WKH FRUUHVSRQGHQW WLPH
VHULHV ZHUH SORWWHG )LJ VKRZV DGRZQWUHQG RI WKH SDUDPHWHU








$ 3&$ZDV DSSOLHG WR DPDWUL[ RIZDWHU TXDOLW\ GHVFULSWRUV RI
3HGUDV 6DOJDGDV ILHOG WR DQDO\]H WKH PDLQ RSSRVLWLRQV DQG
VLPLODULWLHV EHWZHHQ JURXSV RI ZHOOV DQG YDULDEOHV ,Q 3HGUDV
6DOJDGDV ILHOG UHVXOWV VKRZ ILJ WKDW WKH VW IDFWRULDO SODQ
H[SODLQV D WRWDO RI  RI WKH LQLWLDO YDULDQFH +&2 LRQ
FRQWULEXWHV VLJQLILFDQWO\ IRU WKH LQWHUSUHWDWLRQ RI WKH D[LV 













































































































































































































7KH 0DQQ.HQGDOO WHVW LV D QRQSDUDPHWULF VWDWLVWLFDO PHWKRG
PDLQO\ XVHG WR GHWHFW DQG DVVHVV WKH WUHQGVRI WKHZDWHU TXDOLW\
SDUDPHWHUV +LUVFK HW DO  7KH VHOHFWLRQ RI D QRQ
SDUDPHWULF DSSURDFK LV SDUWLFXODUO\ VXLWDEOH WR DQDO\VH GDWD
H[KLELWLQJ RQH RU PRUH RI WKHIROORZLQJ SURSHUWLHV IUHH
GLVWULEXWLRQ PLVVLQJ YDOXHV SUHVHQFH RI RXWOLHUV VHDVRQDOLW\
FHQVRUHGGDWD
7KHWHVWLVDSSOLHGWRDVHTXHQFHRIREVHUYDWLRQRUGHUHGE\WLPH
T T « TQ ZKHUH D SDUDPHWHU 6 LV EXLOG DFFRUGLQJ WR WKH
IROORZLQJH[SUHVVLRQ





¦    
:KHUH

ILVDIXQFWLRQGHILQHGE\IT LIT!IT LIT 
DQGIT LIT

$ QXOO K\SRWKHVLV + RI QR WUHQG LV WHVWHG DQG UHMHFWHG RU
FRQILUPHGDFFRUGLQJWRWKHVWDWLVWLFDOGLVWULEXWLRQ7RPHDVXUHWKH
VWUHQJWK RI WKH XSZDUG RU WKH GRZQZDUG WUHQG D VWDWLVWLF S LV
FDOFXODWHG ,Q JHQHUDO WUHQGV DUH FRQVLGHUHG VWDWLVWLFDOO\
VLJQLILFDQWZKHQS)RU WKLVVWXG\DVHDVRQDO0DQQ.HQGDOO
WHVW SURFHGXUH ZLOO EH XVHG DQG DQ HVWLPDWLRQ RI WKH
FRUUHVSRQGHQW VORSH ZLOO EH SHUIRUPHG E\ D UREXVW UHJUHVVLRQ
VXJJHVWHGE\7KLHODQG6HQ





7KH WUHQG VORSH LV H[SUHVVHG E\ FKDQJH SHU XQLW WLPH DQG LV
UHODWHGZLWK6E\,I6!WKHQ%!,I6RWKHUZLVH
7KH WHVW FDQ EH DSSOLHG ZLWK RWKHU WHFKQLTXHV LQ D MRLQW







7KH QRQSDUDPHWULF WHVW ZDV DSSOLHG WR WKH PLQHUDO ZDWHUV RI
3HGUDV 6DOJDGDV WR WKH SHULRG IURP -DQXDU\  WR'HFHPEHU
0RQWKO\REVHUYDWLRQVRIWKHSK\VLFDOFKHPLFDOSDUDPHWHUV
OLVWHGDERYHZHUHXVHGIRUWKLVSXUSRVH
7DEGLVSOD\ WKH UHVXOWVRI WKHGHWHFWHGXSZDUGGRZQZDUG
RU QR WUHQGV WKH HVWLPDWHG VORSH FKDQJH SHU \HDU DQG WKH
VWDWLVWLFDOSIRU3HGUDV6DOJDGDVILHOG
7KHDQDO\VLVRIWKLVWDEOHVKRZVWKDW$&DQG$&SUHVHQW
WKH JUHDWHVW YDULDELOLW\ LQ WKH GHWHFWHG WUHQGV IRU DOO
WKHSDUDPHWHUV2Q WKH FRQWUDU\ WKH VSULQJV )WH6DEURVR DQG
6DEURVR1RYD1DVFHQWH VKRZ LQ JHQHUDO D QR WUHQG EHKDYLRXU
7KH SUHVHQFH RI VLJQLILFDQW XSZDUG DQG GRZQZDUG WUHQGV LV
SHUKDSVGXHWRWKHSXPSLQJV\VWHPLQWKRVHZHOOVWKDWDIIHFWWKH
&2DQGFRQVHTXHQWO\WKHPDMRUDQGWUDFHFRPSRVLWLRQVSHFLDOO\
LQ +&27KH JUHDW PDJQLWXGH RI WKH HVWLPDWHG VORSHV EHWZHHQ
ZHOOV ZHUH IRXQG LQ WKH REVHUYHG WUHQGV RI &2 62 DQG &D
PDLQO\LQWKHIRUPHUZLWKDQHVWLPDWHGVORSHRIPJ/SHU\HDU















7KH WHPSRUDO HYROXWLRQ RI WKH  ZDWHU TXDOLW\ SDUDPHWHUV
PRQLWRUHGLQZHOOVRIWKHFDUERQDWHZDWHUVRI3HGUDV6DOJDGDV
VKRZHG VLJQLILFDQW XSZDUG DQG GRZQZDUG WUHQGV DOWKRXJK WKH
HVWLPDWHGVORSHVDUHLQJHQHUDOQRWLPSRUWDQWWDNLQJLQWRDFFRXQW
WKH KLJKPLQHUDOL]DWLRQ RI WKHVHZDWHUV 7KH KLJK YDULDELOLW\ LQ
WUHQGV GHWHFWHG LQ VRPH SDUDPHWHUV DUH FORVHO\ UHODWHG WR WKH
SXPSLQJ V\VWHP ZLWK LQGLUHFW LQIOXHQFHV LQ WKH IOXFWXDWLRQV RI
WKH &2 )XUWKHUPRUH LQ WKH K\GURPLQHUDO ILHOG RI 3HGUDV








+LUVFK 50 6ODFN -5 6PLWK 5$  7HFQKLTXHV RI 7UHQG
$QDO\VLV IRU 0RQWKO\ :DWHU 4XDOLW\ 'DWD :DWHU 5HVRXUFHV
5HVHDUFK
5LEHLUR / 0DFHGR 0(  $SSOLFDWLRQ RI 0XOWLYDULDWH
6WDWLVWLFV7UHQGDQG&OXVWHU$QDO\VLV WR*URXQGZDWHU4XDOLW\
RI 7HMR DQG 6DGR $TXLIHU ,Q ,QWHUQDWLRQDO &RQIHUHQFH RQ



























'XULQJ WKH ODVW \HDUV VHYHUDO JHRFKHPLFDO VWXGLHV KDYH EHHQ
FDUULHG RXW RQ KRW & DQG FROG & +&21D&2ULFK
PLQHUDO ZDWHUV LVVXLQJ DW WKH QRUWKHUQ SDUW RI WKH 3RUWXJXHVH
PDLQODQG DVVRFLDWHG ZLWK IUDFWXUHG +HUF\QLDQ JUDQLWLF URFNV
ILJ










7KH UHJLRQ XQGHU UHVHDUFK LV ORFDWHG LQ WKH WHFWRQLF XQLW RI
0LGGOH*DOLFLD7UiVRV0RQWHVVXE]RQHRIWKH&HQWUDO,EHULDQ
=RQH RI WKH +HVSHULF 0DVVLI $FFRUGLQJ WR VHYHUDO DXWKRUV
%DSWLVWD HW DO  DQG 6RXVD 2OLYHLUD DQG 3RUWXJDO )HUUHLUD
ZKRGHVFULEHG WKHJHRORJ\RI9LODUHOKRGD5DLD3HGUDV
6DOJDGDV WKH PDLQ JHRORJLFDO IRUPDWLRQV DUH L +HUF\QLDQ
JUDQLWHVVLQWHFWRQLF0\DQGSRVWWHFWRQLF0\DQG
LL6LOXULDQPHWDVHGLPHQWVRIWKH8SSHU,QWHUPHGLDWHDQG/RZHU
3HULWUDQVPRQWDQR *URXS WKDW FRQVLVWV RQ D VHTXHQFH RI
TXDUW]LWHV SK\OOLWHV DQG FDUERQDFHRXV VODWHV 7KH PRVW UHFHQW
IRUPDWLRQVDUH0LRFHQH3OHLVWRFHQHJUDEHQILOOLQJVHGLPHQWVZLWK
YDULDEOH WKLFNQHVV VKRZLQJ WKHLU PD[LPXP GHYHORSPHQW DORQJ
WKHFHQWUDOD[LVRI&KDYHV'HSUHVVLRQ
7HFWRQLFDOO\ WKH UHJLRQ LV PDLQO\ FRQWUROOHG E\ WKH 11(
66:K\GURWKHUPDOO\DFWLYHIDXOWSOD\LQJDQLPSRUWDQWUROHLQWKH
FLUFXODWLRQ RI WKH PLQHUDO ZDWHUV 0DUTXHV HW DO  VWDWHG
WKDWWKLVVWUXFWXUHFRXOGSOD\DQLPSRUWDQWUROHLQ&2H[WUDFWLRQ
DQGPLJUDWLRQIURPWKHPDQWOHWRWKHVXUIDFH6RXVD2OLYHLUDDQG













G+ YDOXHV RI FROG GLOXWH VSULQJ ZDWHU VDPSOHV FROOHFWHG DW












,VRWRSLF FRPSRVLWLRQ RI PHWHRULF JURXQGZDWHU JHQHUDOO\
PDWFKHVWKHPHDQFRPSRVLWLRQRISUHFLSLWDWLRQRYHUWKHUHFKDUJH
DUHD ,$($  6R ZH KDYH XVHG ORFDOO\ GHULYHG
JURXQGZDWHUV FROG GLOXWH VSULQJ ZDWHUV WR FKDUDFWHULVH WKH
DOWLWXGHGHSHQGHQFHRI WKH LVRWRSLFFRPSRVLWLRQRI WKH&2ULFK









WKH UHJLRQ WKH UHFKDUJH RI WKH VWXGLHGPLQHUDOZDWHUV VHHPV WR




G& GHWHUPLQDWLRQV FDUULHG RXW RQ WRWDO GLVVROYHG LQRUJDQLF
FDUERQ7',&RIWKH&2ULFKPLQHUDOZDWHUVJDYHYDOXHVO\LQJ
LQWKHUDQJHRIWR0DUTXHVHWDOLQGLFDWLQJD
GHHSVHDWHG XSSHU PDQWOH RULJLQ IRU WKH &2 7KHVH UHVXOWV




+H1H IURP WHUUHVWULDO IOXLGV LQ WKH ,EHULDQ 3HQLQVXOD
$FFRUGLQJ WR WKHP WKH LVRWRSLF VLJQDWXUH RI KHOLXP LQ D IOXLG
VDPSOH IURP&DEUHLURD ORFDWHG DW WKH VDPH11(WUHQGLQJ IDXOW
RI WKH VWXGLHG &2ULFK WKHUPRPLQHUDO ZDWHUV LV VLJQLILFDQWO\
KLJKHUWKDQW\SLFDOFUXVWDOKHOLXP+H+HYDOXHRI3pUH]
HWDO HVWLPDWHG WKDW LQ WKH IOXLGVDPSOH IURP&DEUHLURD
WKH KHOLXP¶V IUDFWLRQV IURP PDQWOH FUXVWDO DQG DWPRVSKHULF
UHVHUYRLUVZHUHDQG UHVSHFWLYHO\7KH





9LGDJR DQG 3HGUDV 6DOJDGDV FROG &2ULFK PLQHUDO ZDWHUV LV
DWWULEXWHGWRDOHVVGHHSIORZSDWKV,QWKHFDVHRI&KDYHVPLQHUDO
ZDWHUVZKLFK DUH FKDUDFWHULVHGE\ WKH DEVHQFHRI +DQG D &
DFWLYLW\RISPFWKHWHPSHUDWXUH&LQGLFDWHVWKHH[LVWHQFH
RI D JHRWKHUPDO V\VWHP DVVRFLDWHG ZLWK D UHODWLYHO\ GHHS




G& VLJQDWXUHV  YV 3'% SUHVHQWHG E\ &KDYHV PLQHUDO
ZDWHUV,QFRQWUDVW LQVRPHRIWKHFROG&&2ULFKPLQHUDO
ZDWHUV IURP9LODUHOKRGD5DLD 3HGUDV6DOJDGDV UHJLRQ WKH +
FRQWHQW LVQRW LQDJUHHPHQWZLWKWKH&YDOXHVWRSPF
IRXQG LQ WKHVH PLQHUDO ZDWHU V\VWHPV WKH DSSDUHQW &
JURXQGZDWHU DJHV DUH FORVH WR  ND %3 7KHVH UHVXOWV LQGLFDWH
WKDWWRWDOFDUERQLQWKHUHFKDUJHZDWHUVLVEHLQJPDVNHGE\ODUJHU





6U LVRWRSHVKDYHEHHQXVHG DV WUDFHUV LQZDWHUURFN LQWHUDFWLRQV
VWXGLHV 0F1XWWHWDO EHFDXVH WKHKLJKDWRPLFZHLJKWRI
VWURQWLXP DYRLGV LVRWRSLF IUDFWLRQDWLRQ E\ DQ\ QDWXUDO SURFHVV
6RWKHPHDVXUHGGLIIHUHQFHVLQWKH6U6UUDWLRVLQZDWHUVFDQ
EH DVFULEHG WR WKH PL[LQJ RI 6U GHULYHG IURP GLIIHUHQW URFN
VRXUFHVZLWKGLIIHUHQWLVRWRSLFFRPSRVLWLRQV
'LIIHUHQFHV LQ WKH 6U6U YDOXHV RI WKH VWXGLHG PLQHUDO
ZDWHUV VHHP WR EH UHODWHG ZLWK WKH H[LVWHQFH RI ZDWHUURFN
LQWHUDFWLRQZLWKGLIIHUHQWJUDQLWLFURFNV
)LJXUH  3ORW RI 6U YV 6U6U IRU WKH URFNVPLQHUDOV DQG
&2ULFKPLQHUDOZDWHUV








7KH K\SRWKHVLV RI WKH H[LVWHQFH RI ZDWHU OLPHVWRQH
LQWHUDFWLRQ WR H[SODLQ WKH RULJLQ RI &2 VKRXOG EH FRQVLGHUHG
UDWKHU OLPLWHG RQFH WKH FRPSRVLWLRQ RI WKH 6U DQG WKH 6U6U
UDWLR RI OLPHQVWRQH LV TXLWH GLIIHUHQW IURP WKH PLQHUDO ZDWHUV
7KLV LQWHUSUHWDWLRQZDV DOVREDVHGRQ WKH IDFW WKDW WKH&2ULFK
PLQHUDOZDWHUV GLVSOD\LQJ WKH OHVV QHJDWLYH G& YDOXH 9LGDJR
$& YV3'% VKRZDKLJKHU 6U6U UDWLR7KDQ WKH






&2ULFK PLQHUDO ZDWHUV IURP 9LODUHOKR GD 5DLD  3HGUDV
6DOJDGDV UHJLRQ UHSUHVHQW ORFDOO\ PHWHRULF ZDWHUV UHFKDUJHG DW
GLIIHUHQW DOWLWXGHV ,VRWRSLF VLJQDWXUHV RI & SUHVHQW LQ WKHVH
PLQHUDO ZDWHU V\VWHPV LQGLFDWH D GHHSVHDWHG XSSHUPDQWOH
RULJLQIRUWKH&2&2LVPRVWSUREDEO\LQLWLDOO\WUDQVSRUWHGDV
DVHSDUDWHJDVSKDVHWKDWLVVXEVHTXHQWO\PL[HGZLWKWKHPRUHRU
OHVV GHHS FLUFXODWLQJ PHWHRULF ZDWHUV LQ D IUDFWXUHG DTXLIHU
V\VWHP2WKHUVROXWHVVXFKDV1DDQG+&2DUHRULJLQDWHGIURP
















%DSWLVWD - &RNH & 'LDV 5 5LEHLUR $  7HFWyQLFD H
JHRPRUIRORJLD GD UHJLmR GH 3HGUDV 6DOJDGDV9LGDJR H DV
QDVFHQWHV PLQHUDLV DVVRFLDGDV ,Q &RPXQLFDo}HV GD ;,,
5HXQLmRGH*HRORJLDGR2HVWH3HQLQVXODU,
,$($ ,QWHUQDWLRQDO $WRPLF (QHUJ\ $JHQF\  6WDEOH
LVRWRSHVK\GURORJ\'HXWHULXPDQGR[\JHQ LQZDWHU F\FOH
,$($9LHQQD7HFKQLFDO5HSRUWV6HULHV
0DUTXHV -0 &DUUHLUD 30 $LUHV%DUURV / *UDoD 5& 
1DWXUH DQG UROH RI&2 LQ VRPHKRW DQG FROG+&21D&2
ULFK3RUWXJXHVHPLQHUDOZDWHUV D UHYLHZ DQG UHLQWHUSUHWDWLRQ
(QYLURQ*HRO




3pUH] 10 1DNDL 6 :DNLWD + $OEHUW%HUWUiQ -) 5HGRQGR 5
 3UHOLPLQDU\ UHVXOWV RQ +H+H LVRWRSLF UDWLRV LQ




9LGDJR 1RUWH GH 3RUWXJDO HQTXDGUDPHQWR GDV HPHUJrQFLDV































,Q WKLVZRUN D UHYLHZRI WKH UHVXOWV RI VWXGLHV RQ WKH RULJLQ RI
&DOGDV GR0ROHGR JHRWKHUPDO ZDWHUV LVVXLQJ LQ WKH 1 SDUW RI
3RUWXJXHVH PDLQODQG LV SUHVHQWHG :DWHU VDPSOHV IURP WKH
JHRWKHUPDO DQG VKDOORZ JURXQGZDWHU V\VWHPV ZHUH FROOHFWHG
IURPERUHKROHV DQG VSULQJV GXULQJ ILYH ILHOG FDPSDLJQV 
 7KH LQYHVWLJDWLRQV KDYH EHHQ FDUULHG RXW WR LPSURYH WKH
NQRZOHGJH RQ WKH LGHQWLILFDWLRQ RI UHFKDUJH DUHDV ORFDO DQGRU
UHJLRQDO XQGHUJURXQG IORZ DQGPL[LQJ SURFHVVHV EHWZHHQ GHHS
JHRWKHUPDOZDWHUVDQGORFDOVKDOORZJURXQGZDWHUV
7KH &DOGDV GR 0ROHGR VSD LV ORFDWHG LQ WKH UHJLRQ RI WKH
IDPRXV 3RUW ZLQH YLQH\DUGV LQ WKH 'RXUR 5LYHU YDOOH\ 7KH
JHRWKHUPDOERUHKROHZDWHUVZLWKGLVFKDUJHWHPSHUDWXUHRI
& DUH EHLQJ XVHG LQ WKH ORFDO VSD IRU GLYHUVLILHG WUHDWPHQWV



















LV WKH'RXUR YDOOH\ZKLFK LV ERXQGHGQRUWKZDUGE\ WKH0DUmR
PRXQWDLQULGJHFDPDQGVRXWKZDUGE\WKH0HDGDVULGJH
7KH VWXG\ DUHD LV ORFDWHG LQ WKH &HQWUDO ,EHULDQ =RQH RI WKH
,EHULDQ 0DVVLI 5LEHLUR HW DO  3UHYLRXV VWXGLHV &DEUDO
&DUYDOKR%DSWLVWDHWDO(VSLQKD0DUTXHVHWDO
DSRLQWHGRXWWKDWWKHPRVWLPSRUWDQWWHFWRQLFVWUXFWXUHVLQ
WKH UHJLRQ DUH WKH 11(66: 5pJXD9HULQ IDXOW OLQHDPHQW
59)/ DQG WKH:1:(6( WR1:6(9LJR5pJXD VKHDU ]RQH
956=ILJ
,Q WKH UHJLRQ WKH PRVW DEXQGDQW OLWKRW\SHV DUH WKH
PHWDVHGLPHQWDU\URFNVRIORZHU&DPEULDQDJH9DULVFDQJUDQLWLF













'XULQJ WKHHDUOLHU ILHOGFDPSDLJQVRQO\ WKH1RYDQDWXUDO VSULQJ
DQGWKHERUHKROH$&ZHUHVDPSOHGIRUJHRFKHPLFDODQGLVRWRSLF
VWXGLHV7KHUHVXOWVREWDLQHGLQGLFDWHGWKDWDW&DOGDVGR0ROHGR
DUHD WKH JHRWKHUPDO ZDWHUV DUH FKDUDFWHULVHG E\ WKH IROORZLQJ
PDLQIHDWXUHV0DUTXHVHWDOLUHODWLYHO\KLJKS+YDOXHV
EHWZHHQ  DQG  LL GU\ UHVLGXXP YDOXHV XVXDOO\ LQ WKH
UDQJHRI WRPJ O LLL+&2±1DIDFLHV LYSUHVHQFHRI
UHGXFHGVSHFLHVRIVXOSKXU+6#PJOYKLJKVLOLFDYDOXHV
XVXDOO\ UHSUHVHQWLQJPRUH WKDQ  RI WRWDOPLQHUDOLVDWLRQ YL
IOXRULGHFRQFHQWUDWLRQVDURXQGPJ/
$V LQGLFDWHG E\ WKH +&2±1D IDFLHV RI WKH JHRWKHUPDO
ZDWHUV WKH UHVHUYRLU URFN VKRXOG EH PDLQO\ WKH JUDQLWH 7KH
SUHVHQFHRIUHODWLYHO\KLJKDPRXQWVRIIOXRULQHLQWKHJHRWKHUPDO
IOXLGVFRXOGEHWKHUHVXOWRIZDWHULQWHUDFWLRQZLWKVRPHSDUWLFXODU




WHPSHUDWXUHV 7KH 6L2 JHRWKHUPRPHWHUV LQGLFDWH KLJKHU
WHPSHUDWXUHV  & WKDQ WKH 1D.&D E  DQG .0J
JHRWKHUPRPHWHUV  &&RQFHUQLQJ JHRWKHUPDOZDWHUV IURP
1RYDVSULQJ WKH.0JJHRWKHUPRPHWHU LQGLFDWHV ORZUHVHUYRLU
WHPSHUDWXUHV  & /RFDO VKDOORZ VSULQJ ZDWHUV DUH PXFK
PRUH FRQFHQWUDWHG LQ0J EHWZHHQ WRPJ/ WKDQ WKH
JHRWKHUPDO ZDWHUV 6R PL[LQJ RI GHHS JHRWKHUPDO ZDWHUV ZLWK
ORFDOVKDOORZJURXQGZDWHUVFRXOGH[SODLQWKHORZHU.0JUDWLRV
IRXQG LQ &DOGDV GR 0ROHGR JHRWKHUPDO VSULQJ 1RYD DQG WKH
ORZHUHVWLPDWHG.0J WHPSHUDWXUHV ,Q IDFWJHRWKHUPDOZDWHUV
IURP1RYDVSULQJDUHFKDUDFWHULVHGE\KLJKHU0JFRQFHQWUDWLRQV
WKDQWKHJHRWKHUPDOZDWHUVIURPWKHERUHKROH$&8VLQJLWKH
PHDQ UHVHUYRLU WHPSHUDWXUH JLYHQ E\ WKH 1D.&D DQG .0J
JHRWKHUPRPHWHUV $& JHRWKHUPDO ZDWHUV LL WKH ORFDO PHDQ
DQQXDO WHPSHUDWXUH & DQG FRQVLGHULQJ DPHDQ JHRWKHUPDO
JUDGLHQWYDOXHRI&NPZHKDYHHVWLPDWHGWKHGHSWKUHDFKHG
E\WKHJHRWKHUPDOZDWHUV\VWHPNP
6WDEOH LVRWRSHV 2 + ZHUH XVHG DV QDWXUDO WUDFHUV IRU
SUREOHPVFRQFHUQLQJWKHRULJLQRIZDWHUVDQGWKHLGHQWLILFDWLRQRI
UHFKDUJH DUHDV DQG XQGHUJURXQG IORZSDWKV DQG WKH UDGLRDFWLYH




7KH ORZ + YDOXHV ± 78 IRXQG LQ &DOGDV GR 0ROHGR
JHRWKHUPDO V\VWHP $& ERUHKROH LQGLFDWHG D ORQJ UHVLGHQFH
WLPH RI WKH JHRWKHUPDO ZDWHUV 7KLV K\SRWKHVLV ZDV ODWHU
VXSSRUWHGE\WKHORZ&FRQWHQWrSPFGHWHUPLQHG
LQ WKH WRWDOGLVVROYHG LQRUJDQLFFDUERQ7',&RI$&ERUHKROH
ZDWHUV7KHDSSDUHQW&JURXQGZDWHUDJHrND%3
ZDVHVWLPDWHG LQ WKH7',&XVLQJ WKHG&YDOXHVIRUFRUUHFWLRQ
7KHG&YDOXHREWDLQHGG&7',& RRYV3'%LQGLFDWHV
WKDW WKH H[LVWHQFH RIZDWHUFDUERQDWH URFN LQWHUDFWLRQ DORQJ WKH
IORZ SDWK VKRXOG EH UDWKHU VPDOO VLQFH PDULQH FDUERQDWHV DQG
OLPHVWRQHV XVXDOO\ SUHVHQW G& YDOXHV DURXQG  RR 7KH
SUHVHQFHRI+LQ1RYDVSULQJJHRWKHUPDOZDWHUV±78FRXOG
EH DVVRFLDWHG ZLWK L D VKRUWHU UHVLGHQFH WLPH ZKHQ FRPSDUHG
ZLWK $& ERUHKROH ZDWHUV DOORZLQJ WKH GHWHFWLRQ RI VHDVRQDO
YDULDWLRQVDQGRULLDPL[LQJSURFHVVZLWKVKDOORZJURXQGZDWHUV
7KH SDWWHUQ REVHUYHG UHTXLUHV WKH VKDOORZ JURXQGZDWHUV
GLOXWLQJ &DOGDV GR 0ROHGR JHRWKHUPDO VSULQJ ZDWHUV WR EH L
UHODWLYHO\\RXQJ WRH[SODLQWKHKLJKHU +YDOXHVDQGLLGHULYHG
IURP ORFDO LQILOWUDWLRQ DW ORZ DOWLWXGH VLWHV WR H[SODLQ WKH
HQULFKPHQW LQ 2DQG+YDOXHV7KHPL[LQJSURFHVVVKRXOGEH
UHVSRQVLEOH IRU WKH S+ GHFUHDVH REVHUYHG LQ WKH JHRWKHUPDO
VSULQJZDWHUV LQGXFLQJ&D DQG0JGLVVROXWLRQ(IIHFWLYHO\ WKH
&D DQG 0J FRQFHQWUDWLRQV DUH YHU\ ORZ LQ $& JHRWKHUPDO
ERUHKROH ZDWHUV ZKHUHDV WKHVH PHWDOV DUH KLJKHU LQ 1RYD
JHRWKHUPDOVSULQJZDWHUV)XUWKHUPRUH&DDQG0JDUHYHU\RIWHQ
DGGHGWRFRROHGZDWHUVE\DUHDFWLRQZLWKWKHURFNDVVWDWHGE\
VHYHUDODXWKRUVSDUWLFXODUO\ZLWK UHJDUG WR)UHQFKZDWHUVRI WKH
0DVVLI &HQWUDO HJ 0LFKDUG HW DO  &ULDXG DQG )RXLOODF

 6SULQJZDWHUVDPSOHVZHUHFROOHFWHGDWGLIIHUHQWDOWLWXGHVLWHV
7KH DOWLWXGH GHSHQGHQFH RI WKH LVRWRSLF FRPSRVLWLRQ RI WKH
&DOGDV GR0ROHGR JHRWKHUPDOZDWHUVZDV WKHUHIRUH GHWHUPLQHG
E\ G2 YDOXHV DVVRFLDWHG ZLWK WKHVH VKDOORZ JURXQGZDWHU
VDPSOHV7KHLVRWRSLFJUDGLHQWREWDLQHGIRUG2ZDVRR
PRIDOWLWXGH7KHYDOXHREWDLQHGLVDFFRUGLQJWRWKHLVRWRSLF
JUDGLHQWV GHVFULEHG LQ ,$($  7KH LVRWRSLF VLJQDWXUHV
DOORZHG WR HVWLPDWH WKH PHDQ UHFKDUJH DOWLWXGH RI &DOGDV GR
0ROHGR JHRWKHUPDO ZDWHUV EHWZHHQ  DQG  P DVO
&RQVLGHULQJ WKH LVRWRSLF LQIRUPDWLRQ DQG JHRPRUSKRORJLF DQG
WHFWRQLFHYLGHQFHVWZRSRVVLEOHUHFKDUJHDUHDVZHUHLGHQWLILHGLQ




7KLV 11(66: IDXOW V\VWHP VHHPV WR DFW DV WKH PRVW OLNHO\
FKDQQHOIRUWKHJHRWKHUPDOZDWHUVDVFHQW
 $OOVDPSOHVOLHRQRUFORVHWRWKH*OREDO0HWHRULF:DWHU/LQH
G+    G2   GHILQHG E\ &UDLJ  7KHVH DQDO\WLFDO
UHVXOWVLQGLFDWHWKDWDOOWKHZDWHUVDPSOHVDUHPHWHRULFZDWHUVWKDW
KDYHQRWEHHQVXEMHFWHGWRVXUIDFHHYDSRUDWLRQ,WVKRXOGDOVREH
VWDWHG WKDW LQ WKHJHRWKHUPDOVDPSOHVQRHYLGHQFHRIZDWHUURFN
LQWHUDFWLRQDWKLJK WHPSHUDWXUHVZDV IRXQG ,QRUGHU WRHVWLPDWH
WKH /RFDO 0HWHRULF :DWHU /LQH RUWKRJRQDO UHJUHVVLRQ ZDV WKH
XVHG PHWKRG VLQFH ERWK R[\JHQ DQG GHXWHULXP LQ WKHVH
FDOFXODWLRQV DUH LQGHSHQGHQW YDULDEOHV 7KH 'RXUR ULYHU ZDWHUV
ZHUH QRW FRQVLGHUHG LQ WKHVH FDOFXODWLRQV GXH WR WKH SRVVLEOH
HYDSRUDWLRQ SURFHVVHV WKDWPLJKW RFFXU LQ WKLVZDWHU V\VWHP ,Q






WKH SUHFLSLWDWLRQ LQ WKH UHJLRQ DQG WKH JURXQGZDWHUV IURP WKH
VKDOORZ DQG JHRWKHUPDO V\VWHPV LL PRUH GHSOHWHG FRQVLVWV RI
WKH'RXURULYHUZDWHUV&RQFHUQLQJJURXSLWKHWRWDOYDULDELOLW\
RI VWDEOH LVRWRSLF FRPSRVLWLRQRI&DOGDVGR0ROHGRJHRWKHUPDO
ZDWHUV UDQJHEHWZHHQ±DQG± RRR IRUG+DQGIURP±
 WR ± RRR IRU G2 ZKLOH ZLWKLQ WKH VKDOORZ
JURXQGZDWHUV WKH LVRWRSLF FRPSRVLWLRQ YDULHV IURP ± WR ±
 RRR DQG IURP ± WR ± RRR IRU G+ DQG G2
UHVSHFWLYHO\,QDILUVWDSSURDFKWKHLVRWRSLFGDWDREWDLQHGVHHP
WR FRQILUP WKH H[LVWHQFH RI D PL[LQJ PHFKDQLVP EHWZHHQ WKH







DQG + UHODWLYH WR ORFDO VKDOORZ JURXQGZDWHUV SRLQWV RXW WR D
UHFKDUJH DUHD ORFDWHG DW KLJK HOHYDWLRQV ± P DVO
'XULQJ WKH ORQJ UHVLGHQFH WLPH DSSDUHQW & JURXQGZDWHU DJH
 r  ND %3 WKH LQILOWUDWHG ZDWHUV DUH PLQHUDOLVHG E\
ZDWHUJUDQLWH LQWHUDFWLRQ LQD ORZWHPSHUDWXUHHQYLURQPHQW7KH
1: 9LJR±5pJXD VKHDU ]RQH VHHPV WR FRQWURO WKH UHJLRQDO
FLUFXODWLRQ RI WKHVH ZDWHUV ZKLOH WKH 11(66: 5pJXD±9HULQ
IDXOW OLQHDPHQW VHHPV WR EH UHVSRQVLEOH IRU WKHLU DVFHQW DQG
GLVFKDUJH $V VKRZQ E\ PHDQV RI FKHPLFDO DQG LVRWRSLF GDWD
VRPHRIWKHJHRWKHUPDOVSULQJZDWHUVRI&DOGDVGR0ROHGRDUHD


















&DUYDOKR -0 0LQHUDOZDWHU H[SORUDWLRQ DQG H[SORLWDWLRQ
DWWKH3RUWXJXHVH+HUF\QLDQPDVVLI(QYLURQ*HRO
&UDLJ +  ,VRWRSLF YDULDWLRQV LQ PHWHRULF ZDWHUV 6FLHQFH

&ULDXG $ )RXLOODF &  eWXGH GHV HDX[ WKHUPRPLQpUDOHV
FDUERJD]HXVHV GX 0DVVLI &HQWUDO )UDQoDLV ,, &RPSRUWHPHQW
GHTXHOTXHVPpWDX[HQWUDFHGHO¶DUVHQLFGHO¶DQWLPRLQHHWGX
JHUPDQLXP*HRFKLP&RVPRFKLP$FWD
(VSLQKD 0DUTXHV - &KDPLQp +, &DUYDOKR -0 %RUJHV )6
D 7HFWyQLFD UHJLRQDO GR VHFWRU GH &DOGDV GR 0ROHGR±
*UDQMmR±&LGDGHOKH )DOKD GH 3HQDFRYD±5pJXD±9HUtQ 1 GH
3RUWXJDO LPSOLFDo}HV QR FRQWUROR GDV HPHUJrQFLDV
KLGURPLQHUDLV&RPXQ,QVW*HRO0LQ
(VSLQKD 0DUTXHV - 0DUTXHV -0 &KDPLQp +, *UDoD 5&
&DUYDOKR -0 $LUHV%DUURV / %RUJHV )6 E 7KH QHZO\
GHVFULEHG µ3RoR 4XHQWH¶ WKHUPDO VSULQJ *UDQMmR±&DOGDV GR
0ROHGR VHFWRU 1 3RUWXJDO K\GURJHRORJLFDO DQG WHFWRQLF
LPSOLFDWLRQV*HRFLrQFLDV
,$($ ± ,QWHUQDWLRQDO $WRPLF (QHUJ\ $JHQF\  6WDEOH
LVRWRSH K\GURORJ\ 'HXWHULXP DQG R[\JHQ LQ WKH ZDWHU
F\FOH7HFKQLFDO5HSRUWV6HULHV
0DUTXHV -0 $LUHV%DUURV / *UDoD 5&  ,VRWRSLF DQG
FKHPLFDO VLJQDWXUHV RI ORZWHPSHUDWXUH VXOSKXURXV PLQHUDO




OHV VRXUFHV WKHUPDOHV ([HPSOH GX 0DVVLI &HQWUDO )UDQoDLV
*HRFKLP&RVPRFKLP$FWD
5LEHLUR $ 4XHVDGD & 'DOOPH\HU 5'  *HRG\QDPLF
HYROXWLRQ RI WKH ,EHULDQ0DVVLI ,Q'DOOPH\HU5'0DUWtQH]
















$ E V W U D F W   7KHRULJLQRIVDOWVFRQWDLQHGZLWKLQIUDFWXUHGEHGURFNDTXLIHUVZDVGHWHUPLQHGXVLQJK\GURJHRFKHPLFDO WHFKQLTXHV
WKDWGLIIHUHQWLDWHGPDULQHDQGWHUUHVWULDOVRXUFHGDTXLIHUVZLWKLQWKHJHRORJLFDOO\FRPSOH[6SLFHUV&UHHNFDWFKPHQW,GHQWLILFDWLRQRI
WKHVDOWVRXUFHLQWKLVFDWFKPHQWLVDQLPSRUWDQWIDFWRUIRUWKHLPSOHPHQWDWLRQRIODQGPDQDJHPHQWRSWLRQVWRKDOWDQGRUUHYHUVHODQG












*URXQGZDWHUV FRQWDLQHG ZLWKLQ IUDFWXUHG EHGURFN DTXLIHUV
ORFDWHG LQ WKH 6SLFHUV &UHHN FDWFKPHQW FRQWDLQ YDU\LQJ VDOW
FRQWHQWV DQG XQLTXH JURXQGZDWHU FKHPLVWULHV GHSHQGLQJ RQ WKH
DTXLIHUOLWKRORJ\DQGGHSRVLWLRQDOKLVWRU\RIWKHVHGLPHQWV7KHUH
DUH WKUHH PDLQ DTXLIHUV ZLWKLQ WKH FDWFKPHQW WKH\ LQFOXGH WKH
3DODHR]RLF 2DNGDOH DQG *OHQHVNL )RUPDWLRQV DQG 0HVR]RLF
VDQGVWRQHV DQG VLOWVWRQHV 7KH RULJLQ RI VDOWV FRQWDLQHG ZLWKLQ
WKHVH IUDFWXUHG EHGURFN DTXLIHUV ZLOO EH GHWHUPLQHG XVLQJ
K\GURJHRFKHPLFDO WHFKQLTXHV ZKLFK ZLOO DOORZ IRU WKH
GLIIHUHQWLDWLRQ RI DTXLIHUV ZLWKLQ WKLV JHRORJLFDOO\ FRPSOH[
FDWFKPHQW6SLFHUV&UHHNFDWFKPHQWLVORFDWHGDSSUR[LPDWHO\
NPZHVW RI 6\GQH\ LQ WKH &HQWUDO:HVW UHJLRQ RI 1HZ 6RXWK
:DOHV$XVWUDOLD6RLOVDUH IHUWLOHDQGVXSSRUWDKHDOWK\GU\ODQG
DJULFXOWXUDO LQGXVWU\ RIZKHDW DQG FDQROD SURGXFWV7KH6SLFHUV
&UHHN FDWFKPHQW LV DQ H[DPSOH RI D FDWFKPHQW H[SHULHQFLQJ
IOXFWXDWLQJZDWHUWDEOHVZDWHUORJJLQJDQGVDOLQLVDWLRQRIVXUIDFH
ZDWHU OHDGLQJ WR D GHFOLQH LQ DJULFXOWXUDO SURGXFWLYLW\
,GHQWLILFDWLRQ RI WKH VRXUFH RI VDOW LQ WKLV FDWFKPHQW LV DQ








6XUDW %DVLQV ZKLFK RYHUOLH WKH ZHVWHUQPDUJLQ RI WKH /DFKODQ
)ROG%HOWLQ1HZ6RXWK:DOHV$XVWUDOLD7KH/DFKODQ)ROG%HOW
KDVEHHQUHJLRQDOO\PHWDPRUSKRVHGDQGFRQWDLQVH[WHQGHGQRUWK
VRXWK WUHQGLQJ IDXOWV IROGV DQG IUDFWXUHV ZKLFK LQIOXHQFH
JURXQGZDWHU IORZ SDWWHUQV LQ WKHVH DTXLIHUV 7KH 3DODHR]RLF
PHWDYROFDQLFVUDQJHLQDJHIURP2UGRYLFLDQWR'HYRQLDQDJHDQG
ZHUH GHSRVLWHG LQ VXEPDULQH WR PDULQH HQYLURQPHQWV 7KH
2UGRYLFLDQ 2DNGDOH )RUPDWLRQ FRQVLVWV RI YROFDQLFV DQG
YROFDQLFODVWLF VHGLPHQWV WKDW ZHUH GHSRVLWHG LQ D GHHS PDULQH
HQYLURQPHQW 7KH 6LOXULDQ *OHQHVNL )RUPDWLRQ FRQVLVWV RI
YROFDQLFODVWLF VDQGVWRQHV DQG YROFDQLFV DQG ZDV GHSRVLWHG LQ D
WHUUHVWULDOHQYLURQPHQWFORVHWRDPDULQHWUDQVJUHVVLRQVHTXHQFH
7KH RYHUO\LQJ0HVR]RLF VHGLPHQWV RI WKH *XQQHGDK DQG 6XUDW
%DVLQVFRQVLVWRIVDQGVWRQHVDQGVLOWVWRQHVWKDWUDQJHLQWKLFNQHVV
IURP  WR  P WKURXJKRXW WKH FDWFKPHQW $ WKLQ YHQHHU RI
XQFRQVROLGDWHG FROOXYLDODOOXYLDO PDWHULDO UDQJLQJ LQ WKLFNQHVV
IURP WRPFRYHUV WKH VWXG\DUHD*URXQGZDWHU IORZ LQ WKH






DQGZLOOEHGLVFXVVHGDFFRUGLQJ WR WKHDTXLIHU W\SHDQGORFDWLRQ
ZLWKLQ WKH DTXLIHUZKHUH LW KDV EHHQ VDPSOHG 7KH2DNGDOH )U
FRQWDLQV JURXQGZDWHUV WKDW UDQJH IURP 1D0J&D+&2ULFK
ZDWHUVWR0J1D&ODQG1D&OULFKZDWHUV*URXQGZDWHUVDOLQLW\
UDQJHV IURP  P6FP WR  P6FP 7KH YDULDELOLW\ LQ
VDOLQLW\ LQ WKLV XQLW LV SULPDULO\ GXH WR WKH GHSWK WKDW WKH
JURXQGZDWHUVZHUHVDPSOHG6DPSOHVREWDLQHGIURP WRP





IUHVKHU JURXQGZDWHUV WKDW UDQJH IURP 0J1D&O+&2ULFK
ZDWHUV WR 1D+&2&OULFK ZDWHUV 6DOLQLWLHV UDQJH IURP IUHVK
P6FPWREUDFNLVKP6FP*URXQGZDWHUVORFDWHGLQWKH
XSSHU VHFWLRQ RI WKLV DTXLIHU FRQWDLQ EUDFNLVKZDWHUVZLWK IUHVK
ZDWHUV LQ WKHGHHSHU VHFWLRQV*URXQGZDWHUV IURP WKH0HVR]RLF
XQLWV UDQJH IURP1D+&2V&OULFKDQG0J1D&OULFK WR1D&O
ULFK 6DOLQLWLHV UDQJH IURP  WR  P6FP 7KH KLJKHVW
VDOLQLW\ZDV HQFRXQWHUHG LQ WKH ORZHU VHFWLRQV RI WKH0HVR]RLF
DTXLIHU ZKHUH WKLV XQLW RYHUOLHV WKH 2DNGDOH )U *URXQGZDWHU
VDOLQLW\ LQ WKH 6SLFHUV &UHHN FDWFKPHQW LV UHODWHG WR ZDWHU










JURXQGZDWHUV*URXQGZDWHU VDPSOHV SORWWHG RQ )LJDZLWK 2
YHUVXV ' IROORZ WKH JHQHUDO WUHQG OLQH IRU VHDZDWHU ZLWK DQ
HQULFKPHQW RI 2 DQG ' UHODWLYH WR RWKHU VDPSOHV LQ WKH
FDWFKPHQW7KLV LQGLFDWHV WKDW WKH2DNGDOH)UJURXQGZDWHUVDUH
H[SHULHQFLQJ DQ LQFUHDVH LQ VDOLQLW\ GXH WR WKH GLVVROXWLRQ RI
FRQQDWH VDOWV FRQWDLQHG ZLWKLQ PDULQH VHGLPHQWV *URXQGZDWHU
VDPSOHV IURP WKH*OHQHVNL )U SORW DORQJ WKH/0:/ G'  
G2   0HVR]RLF JURXQGZDWHUV FRQWDLQ LVRWRSLF
VLJQDWXUHV VLPLODU WR WKH 2DNGDOH )U DQG WKH *OHQHVNL )U
JURXQGZDWHUV GHSHQGLQJ RQ WKH ORFDWLRQ LQ WKH FDWFKPHQW








$TXLIHU (&X6FP 1DPJ/ &OPJ/ 6UXJ/ %XJ/ $VXJ/ 6U6U 2 +
2DNGDOH)VDOLQH         
2DNGDOH)EUDFNLVK         
*OHQHVNL)VDOLQH         
*OHQHVNL)IUHVK         
0HVR]RLF)ORZHU         




6U6U UDWLRV UDQJH IURP  WR  LQGLFDWLQJ
WKDWWKHVHJURXQGZDWHUVIDOOZLWKLQWKHUDQJHRIVHDZDWHUa
WR a 7KH2DNGDOH )U ZDWHUV DUH OHVV UDGLRJHQLF WKDQ WKH
*OHQHVNL)UZDWHUVDVLQGLFDWHGLQ)LJE7ZRJHQHUDOWUHQGVFDQ
EH REVHUYHG IURP WKLV LVRWRSLF GDWD GXH WR WKH GLIIHUHQW DTXLIHU
OLWKRORJLHV7KH2DNGDOH)UJURXQGZDWHUVFRQWDLQORZHU6U6U
UDWLRV LQGLFDWLQJ WKDW 6U LV GHULYHG IURP VHGLPHQWV WKDW ZHUH









7UDFH HOHPHQWVZHUH GHWHUPLQHG WR DLG LQ WKH GLIIHUHQWLDWLRQ RI
DTXLIHU OLWKRORJ\ DQG GHWHUPLQH PL[LQJ EHWZHHQ WKH XQGHUOLQJ
IUDFWXUHG 3DODHR]RLF DTXLIHUV ZLWK WKH RYHUO\LQJ 0HVR]RLF
DTXLIHUV 7UDFH HOHPHQWV VXFK DV 6U %$V &U =Q &X DQG1L
ZHUH GHWHFWHG DW HOHYDWHG FRQFHQWUDWLRQV ZLWKLQ WKLV QDWXUDO
JURXQGZDWHUV V\VWHP7KHSUHVHQFHRIHOHYDWHG6U%DQG$V LQ
WKH 2DNGDOH )U JLYHV IXUWKHU HYLGHQFH WKDW WKHVH JURXQGZDWHUV
DUHGHULYHG IURPPDULQH VRXUFHG OLWKRORJLHV DQGKHQFH WKH VDOWV
DUHRIPDULQHRULJLQLQWKLVXQLW7KH2DNGDOH)UFRQWDLQVKLJK6U
YDOXHVUDQJLQJIURPWRPJ/KLJK$VUDQJLQJIURP
 WR PJ/ DQG KLJK% OHYHOV UDQJLQJ IURP WR PJ/
7KH*OHQHVNL)UJURXQGZDWHUVDUHKLJKLQWUDFHHOHPHQWVVXFKDV
&X &U 8 DQG *D 7KH WUDFH HOHPHQWV SUHVHQW LQ WKHVH






)U EXW DUH TXLWH KLJK LQ WKH ORZHU0HVR]RLF JURXQGZDWHUV WKDW
DUH H[SHULHQFLQJ XSZDUG OHDNDJH RI WKH 2DNGDOH )U ZDWHUV
*URXQGZDWHUV IURP WKH 0HVR]RLF DTXLIHUV FRQWDLQ YDULHG
FKHPLVWU\GXH WRPL[LQJRIZDWHUV IURP WKHYDULRXV URFN W\SHV
*URXQGZDWHU VDPSOHV REWDLQHG IURP WKH ORZHU SDUW RI WKH
0HVR]RLF DTXLIHU WKDW RYHUO\ 2DNGDOH )U FRQWDLQ VLPLODU
JHRFKHPLFDO VLJQDWXUHV WR WKDW RI WKH 2DNGDOH )U ZDWHUV
*URXQGZDWHUVIURPWKH0HVR]RLFDTXLIHUWKDWRYHUO\WKH*OHQHVNL






*URXQGZDWHUV LQ WKH 6SLFHUV &UHHN FDWFKPHQW FRQWDLQ XQLTXH
JURXQGZDWHUFKHPLVWU\GHSHQGLQJRQWKHIUDFWXUHGURFNDTXLIHULW
HYROYHV IURP DQG PL[LQJ SURFHVVHV ZLWKLQ IDXOW DQG IUDFWXUH
]RQHVZLWKLQ WKHVHXQLWV7KH2DNGDOH)UFRQWDLQVFRQQDWHVDOWV
WUDSSHG ZLWKLQ WKH DTXLIHU PDWHULDO WKDW ZHUH GHSRVLWHG LQ D
PDULQHHQYLURQPHQW7UDFHHOHPHQWVDQGLVRWRSHVIXUWKHULQGLFDWH
WKDW VDOWV SUHVHQW ZLWKLQ WKHVH JURXQGZDWHUV DUH GHULYHG IURP
PDULQHHQYLURQPHQWV ,Q VRPHSDUWVRI WKHFDWFKPHQWZKHUH WKH
0HVR]RLFDTXLIHURYHUOLHVWKH2DNGDOH)UOHDNDJHEHWZHHQWKHVH
XQLWV LV RFFXUULQJ FDXVLQJ VDOLQLVDWLRQ *URXQGZDWHUV IURP WKH
WHUUHVWULDO VRXUFHG *OHQHVNL )U DUH IUHVKHU 0L[LQJ RI WKHVH
JURXQGZDWHUVZLWKWKHRYHUO\LQJ0HVR]RLFDTXLIHUGRHVQRWSRVH
D WKUHDW RI VDOLQLVDWLRQ 8VLQJ K\GURJHRFKHPLFDO DQG LVRWRSLF
WHFKQLTXHVWKHVRXUFHRIVDOWDQGWKHHQYLURQPHQWRIGHSRVLWLRQRI
WKHVHVDOWVZHUHGHOLQHDWHG7KHSRWHQWLDOIRUVDOLQLVDWLRQULVNGXH
WR WKH PL[LQJ RI WKH 2DNGDOH )U ZDWHUV ZLWK WKH RYHUO\LQJ
0HVR]RLF DTXLIHUV FDQ EH UHDOLVHG DQG IXUWKHU PDSSLQJ DQG
VWUXFWXUDO DQDO\VLV RI WKLV JHRORJLFDO XQLW PXVW EH DVVHVVHG


























V\VWHPV ZLWK UDSLG WKURXJKIORZ UDWHV RFFXUULQJ LQ WKH KLJKHU O\LQJ PRXQWDLQRXV UHJLRQV RU ZLWK LQILOWUDWLRQ WKURXJK KLJKO\
WUDQVPLVVLYHIUDFWXUH]RQHVZLWKLQWKHORZHUO\LQJYDOOH\V\VWHPV7KHPRUHEUDFNLVKHQGPHPEHUDVVRFLDWHGZLWKWKHYDOOH\V\VWHPV







7KH VWXG\ DUHD VLWXDWHG EHWZHHQ ODWLWXGH R ¶  R¶ DQG
ORQJLWXGH R¶ R¶ LV FODVVLILHG E\ WKUHH SK\VLRJUDSKLF
UHJLRQV DFFRUGLQJ WR WRSRJUDSK\ DOWLWXGH DQG ODQGIRUPV ILJ
7KHVH UHJLRQV DUH WKH KLJKHU O\LQJ%XVKPDQODQG 3ODWHDX WR WKH
HDVWWKH1DPDTXDODQGKLJKODQGVZKLFKLVWKHHVFDUSPHQW]RQH
DQGWKHORZHUO\LQJFRDVWDODUHDWRWKHZHVW9LVVHU
7KH VWXG\ DUHD IDOOV LQ WKH DULG KRW %:K WURSLFDO GHVHUW
FOLPDWLF UHJLRQ RI 6RXWK $IULFD DFFRUGLQJ WR WKH .RHSSHQ
FODVVLILFDWLRQ 7KH FOLPDWH RI WKH VWXG\ DUHD LV GHWHUPLQHG E\
DOWLWXGH WRSRJUDSK\ DQG GLVWDQFH IURP WKH VHD 0LGJOH\ HW DO
 7KH UHJLRQ FDQ EH FODVVLILHG DV DULG WR VHPLDULG ZLWK
PRXQWDLQRXVUHJLRQVKDYLQJKLJKHUUDLQIDOOWKDQWKHDULGORZODQG
GXH WR RURJUDSKLF HIIHFWV 5DLQIDOO RFFXUV PRVWO\ GXULQJ WKH
ZLQWHUPRQWKVZKLOHVQRZLQWKHKLJKHVWPRXQWDLQRXVUHJLRQVLV
QRW XQFRPPRQ GXULQJ WKH VXPPHU PRQWKV 3RWHQWLDO
HYDSRWUDQVSLUDWLRQ FDQ EH DV PXFK DV IURP  WR  WLPHV WKH
SUHFLSLWDWLRQ7KLV KLJK HYDSRUDWLRQ WRSUHFLSLWDWLRQ UDWLRPHDQV
WKDW VDOWV ZLOO HDVLO\ IRUP RQ WKH VXUIDFH DV ZHOO DV LQ WKH






7KH JURXQGZDWHU IRU 1DPDTXDODQG LV JHQHUDOO\ YHU\ VLPLODU LQ
FKDUDFWHU ZLWK D GRPLQDQW 1D&O VLJQDWXUH WKURXJKRXW WKH
UHFRUGHG(&UDQJHVDQGFDQEHGHVFULEHGDVHQGSRLQWZDWHUV
7KH JURXQGZDWHU LV JHQHUDOO\ RYHUVDWXUDWHG ZLWK UHJDUG WR
TXDUW] DQG XQGHUVDWXUDWHG ZLWK UHVSHFW WR DPRUSKRXV VLOLFD
/DQJPXLU  $SSHOR DQG 3RVWPD  )UHH]H DQG &KHUU\
$V D UHVXOW TXDUW] DQG DPRUSKRXV VLOLFDGRQRW H[HUW DQ
LPSRUWDQW LQIOXHQFH RQ WKH OHYHO RI VLOLFD LQ JURXQGZDWHU 7KH





SKDVHV DQG WKH UHDFWLYHZHDWKHULQJ SURGXFWV RU DW OHDVWZLWK DQ
LQWHUPHGLDWHPHWDVWDEOHSKDVHLHDPRUSKRXVDOXPLQXPR[LGH
DQG K\GUR[LGH SKDVHV 7KH VORZ UHDFWLRQ NLQHWLFV RI VLOLFDWH
PLQHUDOV LQFOXGLQJ FOD\ PLQHUDOV FDQ UHVXOW LQ XQFHUWDLQWLHV
DERXW WKH VWDELOLW\ RI WKH ZHDWKHULQJ SURGXFWV 0RODU UDWLRV
LQGLFDWH KRZHYHU WKDW WKH LQFRQJUXHQWZHDWKHULQJ SURFHVVHV RI





7KH GRPLQDQW 1D&O FKDUDFWHU RI WKH VXEWHUUDQHDQ ZDWHUV LV D
UHVXOW RI HLWKHU WKH GLUHFW LQILOWUDWLRQ RI 1D&O GRPLQDWHG
SUHFLSLWDWLRQDQG WKHSUHIHUHQWLDOGLVVROXWLRQDQG OHDFKLQJRI WKH
PRUHVROXEOHHYDSRULWLFVDOWVGXULQJ WKH LQILOWUDWLRQSURFHVV7KH




JURXQGZDWHU 7KH GLOXWH DQG UHODWLYHO\ DJJUHVVLYH JURXQGZDWHU




:HDWKHULQJ SURGXFWV DUH DOVR FRQWLQXRXVO\ UHPRYHG LQ VXFK
V\VWHPV DQG LW PD\ WKXV EH LQDSSURSULDWH WR DSSO\ D
WKHUPRG\QDPLF DSSURDFK WR FKDUDFWHUL]H WKH ZDWHUV LQ VXFK
V\VWHPV
$ UHGXFWLRQ LQ WKH ZHDWKHULQJ FDSDFLW\ ZLWK UHJDUG WR
HVSHFLDOO\ WKH DOXPLQRVLOLFDWH DQG SUREDEO\ WKH FDUERQDWH
PLQHUDOV LV VXJJHVWHG IRU WKH UHODWLYHO\ GHHSHU KLJKHU VDOLQLW\
JURXQGZDWHU LQ WKH ORZHU O\LQJ UHJLRQV RI 1DPDTXDODQG 7KH
UHGXFWLRQ LQ WKH ZHDWKHULQJ FDSDFLW\ RI WKH KLJKHU VDOLQLW\
JURXQGZDWHUFDQEHUHODWHGWRWKHLQILOWUDWLRQRIHYDSRUDWHGZDWHUV
RUWKHOHDFKLQJRIHYDSRUDWHGVDOWVWKHLQFUHDVLQJFRQFHQWUDWLRQV
RI GLVVROYHG FRQVWLWXHQWVZLWK UHVLGHQFH WLPH LH WKH GHJUHH RI
VDWXUDWLRQ RI WKH JURXQGZDWHUZLWK YDULRXVPLQHUDO SKDVHV WKH
LQFRQJUXHQF\UHODWLRQVRIYDULRXVPLQHUDOVLQFOXGLQJFDUERQDWHV
DQG DOXPLQRVLOLFDWH PLQHUDOV D UHGXFWLRQ LQ WKH &2DT LQ
FORVHGV\VWHPVWKHHIIHFWVRIFDWLRQH[FKDQJHWKHFRPPRQLRQ
HIIHFWRUHYHQWRWKHFRDWLQJRISULPDU\PLQHUDOVE\UHVLGXDOFOD\
PLQHUDOV 7KH ORZHU O\LQJ UHJLRQV RI 1DPDTXDODQG DUH
FKDUDFWHUL]HG E\ LQWHUPLWWHQW SHULRGLF UHFKDUJH HYHQWV ORZHU
K\GUDXOLF JUDGLHQWV ZLWKLQ WKH YDOOH\ V\VWHPV DQG YDU\LQJ








V\VWHP 6WDFNHG PXOWLSOH IORZ V\VWHPV GRPLQDWH WKDW GLIIHU LQ
WHUPV RI WKH IDFWRUV LQIOXHQFLQJ ERWK WKH JURXQGZDWHU IORZ DQG




IORZ LQIOXHQFHV WKH UHDFWLRQ UDWHV ZLWK SULPDU\ DQG VHFRQGDU\
PLQHUDOSKDVHVZKLFKLQWXUQLQIOXHQFHWKHUHVXOWDQWJURXQGZDWHU
FKHPLVWU\ 6XSHULPSRVLQJ DQG SUREDEO\ PDVNLQJ WKH ODWWHU
SURFHVV LV WKHGLUHFW LQILOWUDWLRQRI1D&OGRPLQDWHGSUHFLSLWDWLRQ
DQGWKHSUHIHUHQWLDOGLVVROXWLRQDQGOHDFKLQJRIWKHPRUHVROXEOH
HYDSRULWLFVDOWVGXULQJWKHLQILOWUDWLRQSURFHVV
(TXLOLEULXP FRQGLWLRQV DUH GLIILFXOW WR PDLQWDLQ IRU RSHQ
V\VWHP GLVVROXWLRQ RI SDUWLFXODUO\ FDUERQDWH PLQHUDOV GXH WR D
FRQWLQXRXV UHSODFHPHQW RI &2 2SHQ V\VWHP GLVVROXWLRQ
FRQGLWLRQV SUREDEO\ FKDUDFWHUL]H G\QDPLF JURXQGZDWHU IORZ
V\VWHPV DVVRFLDWHG ZLWK KLJK K\GUDXOLF JUDGLHQWV LQ WKH
PRXQWDLQRXV UHJLRQV RI 1DPDTXDODQG 7KHVH UHJLRQV DUH
FKDUDFWHUL]HG E\ UHODWLYHO\ KLJKHU UDLQIDOO YDOXHV ZKLOH VWDEOH
LVRWRSLFVWXGLHVLQGLFDWHWKHOLNHOLKRRGRIGLUHFWUDLQIDOOUHFKDUJH
7KH UHODWLYH GLVWULEXWLRQ RI WKH FDUERQDWH &2 VSHFLHV IRU
JURXQGZDWHU LQ 1DPDTXDODQG DV D IXQFWLRQ RI S+ UHSUHVHQWV
FORVHV\VWHP GLVVROXWLRQ RI FDUERQDWH PLQHUDOV (TXLOLEULXP
FRQGLWLRQVDUHUHDOIRUFORVHGV\VWHPGLVVROXWLRQFRQGLWLRQV6XFK
V\VWHPVWKDWDUHFORVHGWR&2JPD\FKDUDFWHUL]HPRUHVOXJJLVK
JURXQGZDWHU IORZ V\VWHPV DVVRFLDWHG ZLWK YDOOH\V LQ WKH ORZHU
O\LQJDUHDVRI1DPDTXDODQG0RVWERUHKROHVLQ1DPDTXDODQGDUH
ORFDWHG LQ WKHVH PDMRU IDXOWFRQWUROOHG YDOOH\V ZLWK UHODWLYHO\











$FZRUWK 5  7KH GHYHORSPHQW RI FU\VWDOOLQH EDVHPHQW
DTXLIHUV LQ D WURSLFDO HQYLURQPHQW 4XDUWHUO\ -RXUQDO RI
(QJLQHHULQJ*HRORJ\/RQGRQ
$SSHOR &$- 3RVWPD '  *HRFKHPLVWU\ JURXQGZDWHU DQG
SROOXWLRQ%DONHPD5RWWHUGDPSS
&DPSEHOO ( 3DUNHU1DQFH7%DWH* $&RPSLODWLRQ RI




/DQJPXLU '  $TXHRXV HQYLURQPHQWDO JHRFKHPLVWU\
3UHQWLFH+DOO1HZ-HUVH\
/RFVH\.&R[0&KHPLFDOFKDUDFWHURIJURXQGZDWHULQD




5HVRXUFHV RI 6RXWK $IULFD :DWHU 5HVHDUFK &RPPLVVLRQ
5HSRUW
9DQ GHU 6RPPHQ - *HLUQDHUW :  2Q WKH FRQWLQXLW\ RI
DTXLIHU V\VWHPV RQ WKH FU\VWDOOLQH EDVHPHQW RI %XUNLQD )DVR
,Q 6LPPHUV , HG (VWLPDWLRQ RI 1DWXUDO *URXQGZDWHU
5HFKDUJH'5HLGHO3XEOLVKLQJ&RPSDQ\
9LVVHU' HG ([SODQDWLRQ RI WKH  JHRORJLFDO



























ILJZLWK D1RUWK6RXWK H[WHQVLRQ RI  NPDQG(DVW:HVW









WKH VXPPHU DQG KDUG GURXJKWVZLWK KXPLGLW\ GRZQ WR DUH
UHJLVWHUHG GXULQJ WKH ZLQWHU 7KH DYHUDJH WHPSHUDWXUH LV &







6HUUD GH&DOGDV7KH RYHUWKUXVWLQJ RI ROG VHGLPHQWV OHIW DZLQ
GRZ'UDNHZKHUHWKH\RXQJHUVHGLPHQWVEXLOGXSDGRPH
VWUXFWXUHRIWKH6HUUD2UWKH\RXQJHUVHGLPHQWVDUHRYHUWKUXVWLQJ
ROGHU VHGLPHQWV &DPSRV  7KH ODVW LQWHUSUHWDWLRQ PDNHV





ODWLQJ VHTXHQFH RI VFKLVW DQG TXDUW]LWH 7KLFN PDUOVWRQH EDQNV






$V VKRZQ LQ ILJ WKH TXDUW]LWH GRPH RI WKH 3DUDQRD JURXS LV
VXUURXQGHGE\WKH$UD[DJURXSVFKLVW0DQ\WHFWRQLFIHDWXUHVFDQ
EH REVHUYHG LQ WKH VDWHOOLWH LPDJH 2QH SDUW RI WKHP FDQ EH
PDSSHGLQWKHILHOGZKLOHRWKHUVFDQEHFRQVWUXFWHGE\FRUUHODWLRQ
RI WKH ZHOO ORJV $OPRVW  ZHOO ORJV DUH DYDLODEOH DQG WKH\
VKRZDYHUWLFDOWR:GLSSLQJRIWKHIDXOWV'XULQJWKHRYHU












































JURXS WKH RYHUWKUXVWLQJ OHIW D VWURQJP\ORQLWL]DWLRQ ILJ7KH





%HIRUH  WKH KRW ZDWHU RFFXUUHG LQ WKUHH SODFHV /DJRD GH
3LUDSLWLQJDDORQJWKH5LEHUmRGH&DOGDV&DOGDV5LYHUDQGWKH
3RXVDGRGR5LR4XHQWH$W WKH ODVW VSRW WKHVSULQJVKDYHKDGD




RI WKHDUHD LV UHVSHFWHG'XH WRWKHRYHUWKUXVWLQJWKHPRQROLWKLF
VWUXFWXUHZDVGHHSO\HIIHFWHG7KHYHUWLFDOSHUPHDELOLW\LVPXFK
KLJKHU WKDQ WKH KRUL]RQWDO SHUPHDELOLW\ 9LGHR ORJV VKRZZLGH
RSHQHG YHUWLFDO IUDFWXUHV LQ WKH GHSWK DQG QR KRUL]RQWDO RU ORZ
DQJOHGLSSLQJVWUXFWXUHV7KHUHFKDUJHRIWKHWKHUPDOZDWHUWDNHV
SODFH RQ WRS RI WKH 6HUUD GH &DOGDV 7KH SUHVVXUH KHDG LQ WKH
6HUUDDTXLIHUZDVPHDVXUHGP06/7KHVSULQJVRIWKH5LR
4XHQWHRFFXULQP06/7KHVSULQJV\LHOGPRUHZDWHUWKDQ
WKH FDOFXODWHG DQG PHDVXUHG UHFKDUJH RI WKH 6HUUD GH &DOGDV
3LHW]QHU7KLVUHVXOWGRHVQRWPDWFKDWWKHILUVWJODQFHZLWK
WKH JURXQGZDWHU DQDO\VLV 7KHUH PXVW EH D UHFKDUJH LQ RWKHU
SODFHVZKHUHRQO\WKH3DUDQRDJURXSFURSVRXW7KLVUHJLRQPXVW













IUDFWXUHV VKRZV WKH VDPH FKHPLVWU\ IRU WKH5LR4XHQWH VSULQJV
DQGWKH3DUDQRiJURXSDTXLIHU
7KH WRSRI WKH3DUDQRiJURXSFRQVLVWV LQ ODUJHSDUWVRIPDU
EOHV 7KHUHIRUH WKH XSZDUG IORZLQJ JURXQGZDWHU LVPRUH GRPL







7KH FKHPLVWU\ RI WKHZDWHU LQGLFDWHV WKDW WKH IORZ IURP WKH UH
FKDUJHDUHDRIWKHWRSRIWKH6HUUDGH&DOGDVLVYHUWLFDOUHDFKLQJD
GHSWK RI RYHU  P DV WKH ZDWHU WHPSHUDWXUH LQGLFDWHV 7KH
KLJKVLOLFDFRQWHQWFDQEHH[SODLQHGDVGLVVROXWLRQLQGHSWK7KH
PDLQKRUL]RQWDOIORZLVSRVVLEOHLQWKLVGHSWKDQGWKHQWKHZDWHU













GRV 0DSDV *HROyJLFR H GH 5HFXUVRV 0LQHUDLV (VFDOD
0LQLVWpULRGH0LQDVH(QHUJLD&350*RLkQLD
3LHWQHU 2  *UXQGZDVVHUQHXELOGXQJ XQG *UXQGZDV
VHUDEIOXVV LP 3RUHQZDVVHUOHLWHU GHU 6HUUD GH &DOGDV *RLiV





















%RKHPLDQ 0DVVLI /DWH 3DODHR]RLF VHGLPHQWDU\ EDVLQV DQG LWV
FU\VWDOOLQH EHGURFN KRVW D FRQVLGHUDEOH DPRXQW RI KLJKO\
PLQHUDOLVHGZDWHUVROXWLRQVZLWKLRQLFFRPSRVLWLRQFKDUDFWHUL]HG
E\ DSSDUHQW VRGLXP VXOSKDWH DQG FKORULGH LRQV VKDUH 6HYHUDO
JHQHWLF K\SRWKHVHV  IURP HQGRJHQRXV YLD LQVLWX WR H[RJHQRXV
DQG WKHLU FRPELQDWLRQV ± DUH FRQVLGHUHG ZKHQ H[SODLQLQJ WKH
EULQHVRULJLQ5HFHQWGHYHORSPHQWVLQSDOHRJHRJUDSKLFVWXGLHVDV
ZHOO DV UHFHQW VDOLQH V\VWHPV LQYHVWLJDWLRQV FRQQHFWHG ZLWK
HIIHFWLYH QXPHULFDO WHFKQLTXHV HQDEOH DQ LQYHVWLJDWLRQ RI






%RKHPLDQ 0DVVLI FRQVLVWV RI VHYHUDO VHJPHQWV FUDWRQL]HG E\
+HUF\QLDQ RURJHQ\ &KOXSiþ DQG âWRUFK  3RVWRURJHQLF
0LGGOH 1DPXULDQ WR 7ULDVVLF VWUDLQ UHOLHI DFFRPSDQLHG E\
JUDYLWDWLRQDO EDVH OHYHOLQJ LQGXFHG QXPHURXV WDSKURJHQLF
VWUXFWXUHV GHYHORSPHQW DQG DFWLYDWHG DOVR KRUL]RQWDO IDXOW OLQHV
3HãHN HW DO  1HZO\ GHYHORSHG LQWUDFRQWLQHQWDO EDVLQV
HQWUDSSHG FODVWLF PDWHULDO FUHDWLQJ KXQGUHGV WKRXVDQGV RI
PHWHUV RI VHGLPHQWDU\ UHFRUG'XULQJ WKLV&DUERQLIHURXV SHULRG
SUHGRPLQDQWO\ JUD\ FRORUHG FODVWLF VHTXHQFHVZLWK FRDO EHDULQJ
VHDPVZHUHGHSRVLWHG3HãHNHWDO
2QJRLQJ DULGL]DWLRQ RI&HQWUDO 3DQJHD FOLPDWH HQKDQFHGE\
WKH %RKHPLDQ 0DVVLI LQWUDFRQWLQHQWDO VHWWLQJV UHODWLYH WR
FRQWHPSRUDU\ FOLPDWHSDWWHUQ WULJJHUHG DULG FOLPDWLF FRQGLWLRQV
)LJ WKDW FDXVHG LQWHQVLYH SUHGRPLQDQWO\PHFKDQLFDO HURVLRQ
DFWLQJ &RQWLQXRXV VXEVLGHQFH RI WKH EDVLQV ERWWRP IRUPHG
K\GURORJLFDOO\ HQFORVHGEDVLQVZLWKDQ LQQHUGLVFKDUJHGUDLQDJH






3DOHRJHRJUDSKLF LQWHUSUHWDWLRQV 3HãHN HW DO  
&KOXSiþ%RXãNDDQG3HãHN%OHFKD0DUWtQHNHWDO
 .R]GUyM .UHQW] 2SOHWDO  DQG RWKHUV HQDEOH XV WR
GHOLPLWDWH PRUH FORVHO\ XQIRUWXQDWHO\ PDLQO\ GXH WR ODFN RI
SDOHRQWKRORJLFDO UHFRUG RU DQ\ RWKHU GDWLQJ ZLWK DQ HUURU RI
PLOOLRQV RI \HDUV SHULRGV RI EULQH IRUPDWLRQ DQG SRVVLEOH
GRZQZDUG VHHS RI EULQHV 7KHUH LV QR GRXEW DERXW EULQH
JHQHUDWLRQ GXULQJ &KRWČYLFH DQG %RKXVODYLFH )RUPDWLRQ
DFFXPXODWLRQ:HFDQKHVLWDWHZKHWKHU7UXWQRY)RUPDWLRQLQLWV
ZKROHH[WHQWDVZHOODVKLDWXVHVSULRUWRDQGDIWHULWVGHSRVLWLRQ
FRXOG EH LQYROYHG LQWR D EULQH IRUPDWLRQ SHULRG:H FDQ RQO\
VSHFXODWHZKDW SRUWLRQRI WKHRYHUDOO SHULRGFDQEH WUHDWHG WKLV
ZD\ 7KHUHIRUH ZH ZLOO GHILQH ³PLQLPXP´ WR ³PD[LPXP´
LQWHUYDORIKLJKO\SUREDEOHEULQHIRUPDWLRQ7KHPLQLPXPSHULRG
FRQVLVWV RI WZR PLQRU LQWHUYDOV 8SSHU $VVHOLDQ WR /RZHU
6DNPDULDQVHGLPHQWDWLRQRI&KRWČYLFHPHPEHU±FD0D
EHIRUH SUHVHQW DQG 7KXULQJLDQ GHSRVLWLRQ RI %RKXVODYLFH
)RUPDWLRQ±FD0DES2QWKHRWKHUKDQGWKHPD[LPXP
SHULRG HQFRPSDVVHV WKH ZKROH LQWHUYDO ± FD 0DES
HVWLPDWHG XVLQJ 0HQQLQJ  DQG 6KQHLGHU DQG 5RVFKHU
WLPHWDEOHV
)LJXUH3UHFLSLWDWLRQPLQXVHYDSRUDWLRQIRUWKH/DWH3HUPLDQ
UHQGHUHG E\ *(1(6,6 PRGHO D ± 'HFHPEHU -DQXDU\







7KLV FUXFLDO K\GURJHRORJLFDO SDUDPHWHU LV IDLUO\ KDUG WR GHILQH
HVSHFLDOO\ ZKHQ FRQVLGHULQJ VXFK DQ H[WUHPH WLPH DQG VSDFH
GLPHQVLRQV,QFDVHRIVLOLFLFODVWLFSUHGRPLQDQWO\QRQFDUERQDWH
KRUL]RQWDOO\ OD\HUHG VHGLPHQWDU\ EDVLQV ILOO ZH FDQ GLVWLQJXLVK
HVVHQWLDOO\ WKUHH JHRORJLF IHDWXUHV WKDW FDQ DIIHFW K\GUDXOLF
SHUPHDELOLW\YDOXHVZKHQZHFRQVLGHUJUHDWHUDHULDOH[WHQWVFDOHV
7KHVH DUH JUDGXDO IDFLDO FKDQJHV HJ FRDUVHQLQJ RI VHGLPHQWV
WRZDUGV EDVLQ PDUJLQV IDXOW OLQHV RU WHFWRQLF ]RQHV ERWK
SHUPHDEOHRUQRWDQGSUHVHQFHRIYROFDQLFERGLHVXVXDOO\DFWLQJ
DVDTXLWDUGV,QJHEULWVHQDQG6DQIRUG7KLVKDVWREHWDNHQ
LQWR DFFRXQW ZKHQ FKRRVLQJ D VSHFLILF DUHD RI SRVVLEOH IXUWKHU
LQYHVWLJDWLRQYLDQXPHULFDOPRGHOLQJ
'XH WR DOO DERYHPHQWLRQHG JHRORJLFDO IHDWXUHV K\GUDXOLF
SHUPHDELOLW\ H[KLELWV DOVR DSSDUHQW DQLVRWURS\ 'ULOOFRUH
YHUWLFDOSHUPHDELOLW\GDWDDFTXLUHGE\0DUHãDUHUDQJLQJ
IURP[ WR[P LQ FRPSDULVRQ WR ILHOGSXPSLQJ WHVWV
UHVXOW KRUL]RQWDO FRPSRQHQW IURP -HWHO  WKDW OLH ZLWKLQ
[ WR [P LQWHUYDO ,Q FDVH WKDW ZH VXSSRVH VLPLODU
YHUWLFDO DQG KRUL]RQWDO SHUPHDELOLW\ GDWD VWDWLVWLFDO GLVWULEXWLRQ
ZHFDQLQWHUSUHW WKHVLPLODUGDWDVFDWWHUDVDQLVRWURSLFEHKDYLRU







&HQWUDO %RKHPLD ZDV WKRURXJKO\ VWXGLHG E\ -HWHO  7KH
PRVW JHQHUDO UHJUHVVLRQ HTXDWLRQ GHULYHG IURP ZHOOERUQ WHVWV
UHVXOWVSUHVHQWHGE\WKHDXWKRULV

ORJ. ±±+     >@

ZKHUH. >P@ LVK\GUDXOLFSHUPHDELOLW\DQG+ >P@VWD\V IRU
GHSWK 9DOXH RI . REWDLQHG IRU +    DW WRGD\¶V JHRJUDSKLF
VXUIDFH KRZHYHU FKDUDFWHUL]HV PDWHULDO WKDW KDV XQGHUJRQH
FHUWDLQ FRPSDFWLRQ GXHPDLQO\ WR OLWKRVWDWLF SUHVVXUH FDXVHGE\
RYHUO\LQJ3HUPLDQRU&UHWDFHRXVVHGLPHQWVWKDWKDYHEHHQHURGHG
GXULQJ RQJRLQJ JHRORJLFDO WLPHV+HUHZH DUH DERXW WRPDNH D
SDUWLFXODUVLPSOLILFDWLRQE\DVVXPLQJWKHHTXDWLRQ>@YDOLGHYHQ
IRUYDOXHVRI+7KLVLVVXSSRUWHGE\3HãHNDQG6NRþHN
ZKR FRQVLGHUHG IDLUO\ UDSLG GLDJHQHWLF OLWKLILFDWLRQ RI 3HUPLDQ
DOOXYLDOVHGLPHQWV±HVSHFLDOO\XQGHUWKHDULGFOLPDWH
7KHQ NQRZLQJ WKH PD[LPDO RYHUEXUGHQ WKLFNQHVV ZH FDQ
H[SDQG WKH HTXDWLRQ >@ WR WKH ³DFWXDO 3HUPLDQ´ VXUIDFH DQG
GHWHUPLQH WKH SHUPHDELOLW\ YDOXHV DQ\ZKHUH EHORZ WKH VXUIDFH
7KH WRWDO WKLFNQHVV RI RYHUO\LQJ IRUPDWLRQV GHQXGHG ZDV
HVWLPDWHG E\ -HWHO  +H FRPSDUHG FOD\V SRURVLW\ YDOXHV
GHWHUPLQHG RQ GULOOFRUH VDPSOHV ZLWK RWKHU HPSLULFDO SRURVLW\
GHSWKGHSHQGHQFH FXUYHV +LV HVWLPDWLRQ UDQJHG EHWZHHQ 
DQG  P JRLQJ IURP .ODGQR5DNRYQtN %DVLQ YLD 0ãHQR
5RXGQLFH %DVLQ IXUWKHU QRUWKHDVWZDUG 2Q WKH RWKHU KDQG
0DUHã ZKR VWXGLHG URFN GHQVLWLHV RYHU WKH VHTXHQFH
UHFHLYHG YDOXHV IURP  P IRU .DþLFH UHJLRQ WR  P DW
6ODQêDUHD6LPSOHORJDULWKPLFDSSUDLVDORISRURVLW\YDOXHVIDLOV
RYHUHVWLPDWHV IRU VPDOOHU GHSWKV FORVH WR WKH VXUIDFH 0DUHã
 EHFDXVH RI QRW\HW XQGHUJRQH FRPSDFWLRQ RU DOUHDG\
H[SHULHQFHGZHDWKHULQJ3HUPHDELOLW\HVWLPDWLRQVIDLOLQWKHVDPH
ZD\ PRVW SUREDEO\ EHFDXVH RI D FORVH UHODWLRQ EHWZHHQ ERWK
SURSHUWLHV*XHVVRISHUPHDELOLW\E\FRXUVHRI-HWHORIIHUV
IROORZLQJPGHSWKSHUPHDELOLW\YDOXHVIRUHYHU\VLQJOHDFWXDO
VXUIDFH HOHYDWLRQPHQWLRQHG DERYH 7DE 5HJDUGOHVV WKH GDWD





SDUDPHWHUV    
.PLQP [ [ [ [
.DYJP [ [ [ [
.PD[P [ [ [ [
NPLQPV [ [ [ 
NPD[PV [ [ [ [

7DEOH(VWLPDWHGK\GUDXOLFSDUDPHWHUVLQPGHSWKXQGHU
WKH DFWXDO 3HUPLDQ VXUIDFH DV D IXQFWLRQ RI GHQXGHG




7KLV FRPELQHG HIIHFW RI PROHFXODU GLIIXVLRQ DQG PHFKDQLFDO
GLVSHUVLRQXVXDOO\GRHVQRWKDYHWREHWDNHQLQWRDFFRXQWLQXVXDO
JURXQGZDWHUPRGHOLQJSUDFWLFH ,W LV DOPRVW VXUH WKDW LQ FDVHRI
JUDYLW\IRUFHG LQILOWUDWLRQZHZLOOKDYH WRGHDOZLWKDYHU\VORZ
JURXQGZDWHU PRYHPHQW ZKLFK HPSKDVL]HV PROHFXODU GLIIXVLRQ
HIIHFW
*HOKDU:HOW\DQG5HKIHOGFRPSLOHGYDULRXVK\GUDXOLF
GLVSHUVLYLW\ HVWLPDWLRQV %DVHG XSRQ WKH VHOHFWLRQ RI WKH PRVW
UHOLDEOHGDWD7DEZHVXJJHVWWRDVVLJQK\GUDXOLFSHUPHDELOLW\
YDOXHV UDQJLQJ IURP  WR  $/$7 WR
3HUPRFDUERQLIHURXV VHGLPHQWV LQ D NLORPHWHURUGHU REVHUYDWLRQ
VFDOH$VIRUWKHFU\VWDOOLQHEHGURFNLQWHUPVRIDTXLIHUVL]HWKH
GDWDDWVPDOOHUVFDOHPD\VHHPWREHKLJKHUIRUIUDFWXUHGPHGLD
EXW LQ YLHZ RI D ORZ UHOLDELOLW\ RI WKH IUDFWXUHG URFN GDWD WKLV
GLIIHUHQFHLVRIPLQLPDOVLJQLILFDQFH*HOKDU:HOW\DQG5HKIHOG







WKH &]HFK 5HSXEOLF XQGHU JUDQW 1R DQG E\ WKH







RI &OLPDWH 0RGHO 6LPXODWLRQV ,Q 6FKROOH 3$ 3HU\W 70
8OPHU6FKROOH '6 HGV 7KH 5HUPLDQ RI 1RUWKHUQ 3DQJHD
9ROXPH  3DOHRJHRJUDSK\ 3DOHRFOLPDWHV 6WUDWLJUDSK\
6SULQJHU%HUOLQSS±




*HOKDU /::HOW\& 5HKIHOGW.5 $ FULWLFDO UHYLHZ RI
GDWD RQ ILHOGVFDOH GLVUHUVLRQ LQ DTXLIHUV :DWHU 5HVRXU 5HV
±
&KOXSiþ ,  *HRORJLFNi PLQXORVW ýHVNp UHSXEOLN\
$FDGHPLD3UDKD
,QJHEULWVHQ 6( 6DQIRUG:(  *URXQGZDWHU LQ JHRORJLFDO
SURFHVVHV&DPEULGJH8QLYHUVLW\3UHVV








0DUHã 6  .ROHNWRUVNp YODVWQRVWL NDUERQVNêFK KRUQLQ Y
NODGHQVNRUDNRYLFNp SiQYL SRGOH NDURWiåH .DQG GLV SUiFH
3UDKD






3DQJHD 9ROXPH  3DOHRJHRJUDSK\ 3DOHRFOLPDWHV
6WUDWLJUDSK\6SULQJHU%HUOLQSS±
3HãHN - HW DO  3DOHRJHRJUDSKLF DWODV/DWH SDOHR]RLF DQG
7ULDVVLF )RUPDWLRPV &]HFK 5HSXEOLF &]HFK *HRO 6XUY
3UDJXH
3HãHN - HW DO  *HRORJLH D ORåLVND VYUFKQRSDOHR]RLFNêFK
OLPQLFNêFKSiQYtýHVNpUHSXEOLN\ýHV*HROÒVW3UDKD
3HãHN-6NRþHN9O$OOXYLDO±ODFXVWULQHUHGEHGVLQ8SSHU
3DOHR]RLF FRQWLQHQWDO EDVLQV %RKHPLDQ 0DVVLY &]HFK
5HSXEOLF&]HFK*HRO6XUYH\6SHFLDO3DSHU3UDKD


















$ E V W U D F W   6KLUNXK JUDQLWRLG SOXWRQ LV ORFDWHG LQ FHQWUDO ,UDQ DQG VHYHUDO ORQJ DQG VWHHS VORSHGYDOOH\V LQWHUVHFW WKLV LJQHRXV




SURYHV D ORZ WKHUPDO H[FKDQJH EHWZHHQ ZDWHU DQG WKH HQYLURQPHQW DQG UHSUHVHQWV D UHODWLYHO\ GHHS UHVHUYRLU ZLWK QDUURZHG
GRZQZDUGZDWHUEHDULQJ MRLQWV DQG IUDFWXUHV7KH LQFUHDVLQJ WUHQGRIS+RI WKHZDWHU VDPSOHVZLWK WLPH LQGLFDWHV WKDWZHDWKHULQJ
SURFHVVHVDUHGHYHORSLQJLQWKHPHGLXP6LOLFDDPRXQWVRIWKHVDPSOHVVKRZDGHFUHDVLQJWUHQGZLWKWLPHDQGDSRVLWLYHVDWXUDWLRQ







(YROXWLRQ RI ZDWHU FKHPLVWU\ LV WKH UHVXOW RI WKH PDVV WUDQVIHU
EHWZHHQ LQWHUVWLWLDOZDWHU DQG URFNIRUPLQJPLQHUDOV 7KHPDVV
WUDQVIHU GHSHQGV RQ VHYHUDO SDUDPHWHUV LQYROYHG LQ ZHDWKHULQJ
SURFHVVHVWHPSHUDWXUHS+PLQHUDORJLFDOFRPSRVLWLRQHWFEXW
DOVRWKHUHVLGHQFHWLPHRIZDWHULQFRQWDFWZLWKWKHURFN
$FFRUGLQJ WR &KHERWDUHY  JURXQGZDWHU FKHPLVWU\
WHQGV WR HYROYH WR WKH VHDZDWHU FRPSRVLWLRQ DQG WKH DQLRQLF
HYROXWLRQDU\VHTXHQFHFDQEHH[SODLQHGE\ WZR IDFWRUVPLQHUDO
DYDLODELOLW\ DQG VROXELOLW\ 6LQFH WKH&O DQG 62 LRQV DUH QRW
VLJQLILFDQW SDUW RI WKH FKHPLFDO FRPSRVLWLRQ RI WKH LJQHRXV DQG
VLOLFDWH URFNV WKHLU HYROXWLRQ LV QRW WRZDUG WKH &O DQG 62
IDFLHV DQG &KHERWDUHY VHTXHQFH LV QRW DSSOLFDEOH WR KDUG URFN
DTXLIHUV ,Q RUGHU WR LQYHVWLJDWH WKLVPDWWHU DQG VWXG\ WKHZDWHU




FDQ EH LQWHUSUHWHG LQ WZR ZD\V  XVLQJ VWDELOLW\ GLDJUDPV WR
GHWHUPLQH WKH ZHDWKHULQJ VHFRQGDU\ SURGXFWV DQG  PDVV
EDODQFHHTXDWLRQWKDWUHODWHVGLVVROYHGPDWHULDOWRVSHFLILFVRXUFH





6ROXWHV LQ RXWIORZ  6ROXWH IURP DWPRVSKHUH  6ROXWH IURP












6KLUNXK SOXWRQZLWK DQ VXUIDFH DUHD RI  NP LV ORFDWHG LQ
FHQWUDO ,UDQ   WR 1 DQG  WR ( 7KH
PDLQ URFNVRI WKLVSOXWRQDUHJUDQRGLRULWH WRPRQ]RJUDQLWHZLWK
WKH DYHUDJH PLQHUDO FRPSRVLWLRQ FRPSULVLQJ RI TXDUW] 
$Q3ODJLRFODVH .IHOGVSDU ELRWLWH DQG
RWKHU PLQRU PLQHUDOV VXFK DV PXVFRYLWH S\UR[HQ FKORULWH DQG
DSDWLWH7KHSOXWRQLVSDUWO\RYHUODLGE\PDVVLYHOLPHVWRQHRI7DIW
)RUPDWLRQ DQG &DOFLWH DV D VHFRQGDU\ PLQHUDO LV DOVR SUHVHQW





















WKH UHDVRQ IRU WKHREVHUYHGYDULDWLRQV(&DQG WHPSHUDWXUHDOVR
VKRZ DQ LQFUHDVLQJ WUHQG WRZDUG WKH ORZHU SDUWV RI WKH YDOOH\V
GXHWRORQJHUWUDYHOGLVWDQFHV
3ORWVRI VLOLFDYV WRWDOGLVVROYHGVROLGVVKRZGLIIHUHQWVORSH
IRU GLIIHUHQW VHDVRQV ZLWK ORZHU VORSH IRU ZHW VHDVRQ
)XUWKHUPRUH GXH WR VSDWLDO FKDUDFWHULVWLF GLIIHUHQFHV RI WKLV






&KHERWDUHY ,,  0HWDPRUSKLVP RI QDWXUDO ZDWHUV LQ WKH
FUXVWRIZHDWKHULQJ*HRFKLP&RVPRFKLP$FWD
'UHYHU -  ,Q 6DHWKHU 2 &DULWDW 3 HGV *HRFKHPLFDO
SURFHVVHVZHDWKHULQJDQGJURXQGZDWHUUHFKDUJH LQFDWKPHQWV
%DONHPD






























































$ E V W U D F W   +\GURFKHPLVWU\HYROXWLRQRIQDWXUDOJURXQGZDWHULVPDLQO\DIIHFWHGE\ZHDWKHULQJSURFHVVHVFDWLRQLFH[FKDQJHDQG












+LJK SUHVVXUH DQG WHPSHUDWXUH PLQHUDOV LQ WKH (DUWK¶V LQWHULRU
ZKHQ LQ FRQWDFW ZLWK GLOXWH ZDWHU RQ WKH HDUWK VXUIDFH EHFRPH




,QRUGHU WR LQYHVWLJDWH WKHHIIHFWRIZHDWKHULQJSURFHVVHVRQ
WKHFKHPLVWU\RIZDWHULQDJUDQLWRLGDTXLIHUDPDVVEDODQFHVWXG\
VLPLODU WR WKDWRI*DUUHOVDQG0DFNHQ]LHZDVFDUULHGRXW
IRU 6KLUNXK SOXWRQ LQ FHQWUDO ,UDQ   WR 1 DQG
WR(


































































































LQYHVWLJDWH ZDWHU UHVRXUFHV FKHPLVWU\ DQG PDVV EDODQFH 7KH
UHVXOWV RI WKH ODUJHVW YDOOH\ 6DQLMZKLFK DUH VLPLODU WRRWKHUV
DUH SUHVHQWHG KHUH 7HQ UHVRXUFHV LQFOXGLQJ VSULQJV DQG4DQDWV
H[LVWDORQJWKLVYDOOH\ZLWK6LQKLJKHUHOHYDWLRQDQG6LQWKH
ORZHU SDUW )LJ:DWHU VDPSOHV ZHUH FROOHFWHG VHYHUDO WLPHV
GXULQJ $SULO  WR )HEUXDU\  DQG DQDO\]HG IRU WKHLU
FKHPLFDO FRPSRVLWLRQ 7DE VKRZV WKH DYHUDJH FKHPLFDO
SDUDPHWHUV IRU WKH SHULRG 6WDELOLW\ GLDJUDPV 'UHYHU  DUH
DOVR SUHSDUHG IRU DQQXDO DYHUDJH GDWD RI DOO ZDWHU VDPSOHV
)XUWKHUPRUHPDVVEDODQFHHTXDWLRQVDUHSUHSDUHGXVLQJWKHGDWD
FROOHFWHGDQGWKHDQQXDODYHUDJHGDWDRIWKHVDPSOLQJSHULRGIRU
6 DQG 6 DV ZHOO DV DQQXDO DYHUDJH GDWD IRU RWKHU VDPSOHV
6LQFHDYHU\KLJKFRUUHODWLRQ5 ZDVIRXQGEHWZHHQ&O






'LIIHUHQW VWDELOLW\ GLDJUDPV VKRZ WKDW DOO VDPSOHV DUH LQ
HTXLOLEULXP ZLWK NDROLQLWH VHFRQGDU\ SURGXFW VXJJHVWLQJ WKDW
NDROLQLWHLVIRUPHGE\WKHDOWHUDWLRQRISODJLRFODVHDQGELRWLWHRI
WKHJUDQLWRLG
7KH ILQDO UHVXOW RI WKH PDVV EDODQFH VWXG\ IRU GLIIHUHQW
UHVRXUFHV DORQJ WKH YDOOH\ LQ WKH IRUPRI UHVLGXDOV DUH ]HUR IRU
GLIIHUHQW FRPSRQHQWV H[FHSW IRU.+&2 DQG6L2ZKLFK DUH
QHJDWLYHDVVKRZQLQILJXUH'HFUHDVLQJWUHQGRIWKLVFXUYHLH
LQFUHDVLQJ GHILFLHQF\ LQGLFDWHV WKDW PRYLQJ IURP WRS WR WKH
ERWWRPRIWKHYDOOH\LQWKHGLUHFWLRQRIIORZSDWKLQWKHDTXLIHU
WKH ZHDWKHULQJ HIIHFW LV UHSODFHG PDLQO\ E\ LRQLF H[FKDQJH
SKHQRPHQD3ORW RI WKHVH UHVLGXDOV IRU6DQG6 IRUGLIIHUHQW
VDPSOHVGXULQJWKHVWXG\SHULRGLVJLYHQLQ)LJ%DVHGRQWKLV
)LJXUHVOLJKWLQFUHDVHLQWKHYDOXHRIWKHUHVLGXDOVSUREDEO\FDQ






'UHYHU -,  7KH JHRFKHPLVWU\ RI QDWXUDO ZDWHUV 3UHQWLFH
+DOO
*DUUHOV 50 0DFNHQ]LH )7  ³2ULJLQ RI WKH FKHPLFDO
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TOPIC 4
INVESTIGATION AND INTERPRETATION METHODS 
IN FRACTURED ENVIRONMENT
• Location of fractured aquifers 
• Field and laboratory methods, data interpretation 
• Hydrogeologic mapping and data processing 













$ E V W U D F W   7KH XVH RI UHPRWHO\ VHQVHG LPDJHU\ LQ JURXQGZDWHU H[SORUDWLRQSURJUDPPHV LV DLPHG DW GHOLQHDWLQJ OLQHDU VXUIDFH
IHDWXUHVWKDWUHIOHFWVXEVXUIDFHVWUXFWXUDOSKHQRPHQDZKLFKFRQWUROWKHIORZDQGDFFXPXODWLRQRIJURXQGZDWHU,QPDQ\LQVWDQFHVWKH
XWLOLW\RIWKLVUHPRWHO\VHQVHGLPDJHU\LVOLPLWHGE\XQDYDLODELOLW\DQGXELTXLWRXVFORXGFRYHU,QYLHZRIWKHVHOLPLWDWLRQVWKHDQDO\VLV








*URXQGZDWHU H[SORUDWLRQ LV PRVW RIWHQ SUHFHGHG E\ WKH
LQWHUSUHWDWLRQ RI UHPRWHO\ VHQVHG LPDJHU\ GDWD VXFK DV VDWHOOLWH
DQGDHULDOSKRWRJUDSKV7KLVLVDLPHGDWGHOLQHDWLQJOLQHDUVXUIDFH
IHDWXUHV ZKLFK GLIIHU GLVWLQFWO\ IURP WKH SDWWHUQV RI DGMDFHQW
IHDWXUHVDQGSUHVXPDEO\UHIOHFWVXEVXUIDFHSKHQRPHQD/DWWPDQ
DQG 3DUL]HN  2¶/HDU\ HW DO  )RU H[DPSOH WKH
UHIOHFWLRQRIURFNIUDFWXUHVRIWHQHPSKDVL]HGLQWKHVHLPDJHULHV
E\ SHUVLVWHQW DQG FRQWUROOHG WUHQGLQJ RI WRSRJUDSK\ ZHOO
SDWWHUQHG GUDLQDJH V\VWHPV YHJHWDWLRQ DQGRU VRLO WRQDO
DOLJQPHQWV %R\HU DQG 0F4XHHQ  7KH LPSRUWDQFH RI
UHPRWHVHQVHGGDWDLVDOVRHYLQFHGE\WKHVXFFHVVIXOXVHRIVXFK
GDWD WR ORFDWH DFFXUDWHO\ VXEVXUIDFH VWUXFWXUHV LPSRUWDQW IRU
JRYHUQLQJ UHFKDUJH PLJUDWLRQ DQG GLVFKDUJH RI JURXQGZDWHU
)HWWHU%URZQ
,Q PRVW GHYHORSLQJ FRXQWULHV KRZHYHU WKH XVH RI WKHVH
UHPRWHO\ VHQVHG LPDJHULHV SDUWLFXODUO\ DHULDO SKRWRJUDSKV DUH
OLPLWHGDPRQJRWKHUWKLQJVE\XQDYDLODELOLW\DQGXELTXLWRXVFORXG
FRYHU $QRWKHU JHQHUDO SUREOHP LQ WKH DQDO\VLV RI UHPRWHO\
VHQVHG GDWD LQFOXGHV WKH GHOLQHDWLRQ RI FXOWXUDO IHDWXUHV DV
JHRORJLFDO OLQHDPHQW WKRXJK WKHVH DUH RIWHQ FRQWUROOHG ZLWK D
IROORZXS JURXQGWUXWKLQJ ,Q YLHZ RI WKHVH OLPLWDWLRQV DQ
DOWHUQDWLYH PHDQV IRU OLQHDPHQW LQWHUSUHWDWLRQ XVLQJ GLJLWDO
HOHYDWLRQPRGHO '(0 LVSURSRVHG7KHPHWKRGKDVEHHQXVHG







'LJLWDO HOHYDWLRQ PRGHOOLQJ '(0 LV D *,6 WHFKQLTXH LQ
JHQHUDWLQJ ' WHUUDLQ PRGHOV ,WV DSSOLFDWLRQ LQ WKH EDVHPHQW
FU\VWDOOLQH WHUUDLQV WR DQDO\VH VXUIDFH OLQHDU IHDWXUHV LV D QHZ
FRQFHSW 7KH PHWKRG LQYROYHV WKH JHQHUDWLRQ RI GLPHQVLRQDO
PRGHOV IURP VXUIDFH WRSRJUDSKLFDO GDWD XVLQJ DSSURSULDWH JHR
VWDWLVWLFDO WHFKQLTXH VXFK DV WKH WULDQJXODU LUUHJXODU QHWZRUN RU
JULGGLQJDPRQJRWKHUV
7KH '(0 RI WKH VWXG\ DUHD ZDV JHQHUDWHG IURP GLJLWLVHG
WRSRJUDSKLFDO GDWD XVLQJ D VXUIDFHPDSSLQJ VRIWZDUH 685)(5
7KHGDWDFRQVLVWLQJEDVLFDOO\;<UHSUHVHQWLQJWKH(DVWLQJVDQG
1RUWKLQJV FRRUGLQDWHV DQG = UHSUHVHQWLQJ WKH VSDWLDOO\
GLVWULEXWHG HOHYDWLRQ YDOXHV ZDV JULGGHG XVLQJ WKH PLQLPXP
FXUYDWXUHPHWKRG7KLVZDVWKHQWUDQVIRUPHGLQWRDVKDGHGUHOLHI
LPDJH LQ ZKLFK GLIIHUHQW HIIHFWV ZHUH DFKLHYHG E\ DSSO\LQJ D




EH RI VWUXFWXUDO VLJQLILFDQFH GXH WR WKHLU DSSHDUDQFH LQ WKH
VKDGRZLQJSURFHVVHV7KHPRGHOVZHUHYHUWLFDOO\H[DJJHUDWLRQWR
REWDLQ WKH EHVW EULJKWQHVV LQIRUPDWLRQ RI WKH VKDGHG UHOLHI WR
LGHQWLI\ DQG PDS VXEWOH JHRWRSRJUDSKLF VWUXFWXUHV 7KH
XQGHUO\LQJ FRQFHSW RI WKH VKDGRZLQJ DQG WKH YHUWLFDO
H[DJJHUDWLRQLVWKDWWKHPRGHOZLOOUHIOHFWWKHQDWXUHRIWKHWHUUDLQ
IRU PRUSKRWHFWRQLF LGHQWLILFDWLRQ DQG LVRODWLRQ 7KLV SURFHVV
HPXODWHV WKH WHFKQLTXHV XVHG IRU 6LGH/RRNLQJ$LUERUQH 5DGDU
6/$5 GDWD DFTXLVLWLRQ )LJVD DQG E UHSUHVHQW VKDGHG UHOLHI







)LJXUH  D E 6KDGHG WRSRJUDSKLF UHOLHI XQGHU D OLJKW









YDULRXV VWDJHV RI WKH LOOXPLQDWLRQV$ERXW  OLQHDPHQWVZHUH
GUDZQ WKHVH ZHUH UHGXFHG WR  WKURXJK UHSURGXFLELOLW\
DQDO\VLV 7KH UHSURGXFLEOH OLQHDPHQWV ZHUH WKHQ GLJLWLVHG DQG
FRPSDUHGWRDQHDUOLHUVHWRIOLQHDPHQWVGHOLQHDWHGIURPOLPLWHG
DHULDOSKRWRJUDSKVFRYHULQJ WKH VDPHDUHD ,WZDVREVHUYHG WKDW







DQDO\VLV SURYHV WR EH DQ LQYDOXDEOH WRRO LQ FRPSOHPHQWLQJ
UHPRWHO\ VHQVHG LPDJH DQDO\VLV DQG HYHQ RYHUFRPLQJ WKH
OLPLWDWLRQVRIFORXGFRYHU-XVWDVD6LGH/RRNLQJ$LUERUQH5DGDU
6/$5 LPDJH LW FDQ DOVR SURYLGH D XQLTXH SHUVSHFWLYH IURP
ZKLFK WR REVHUYH JHRORJLFDOO\ VLJQLILFDQW OLQHDPHQWV DQG WKHLU
UHODWLRQVKLSVWRQHDUE\JHRPRUSKLFIHDWXUHV
7KH DGYDQWDJHV RI XVLQJ '(0V IRU OLQHDPHQW PDSSLQJ
LQFOXGH WKH IDFW WKDW WKHUH DUH QR REVFXULQJ HIIHFWV RI FXOWXUDO
IHDWXUHV WKDWFRXOGEHVHOHFWHGDV OLQHDPHQWVDVDUHRFFDVLRQDOO\
WKH FDVH LQ DHULDO SKRWR LQWHUSUHWDWLRQV 7KH DGMXVWDEOH





, DP WKDQNIXO WR WKH 'DQLVK ,QWHUQDWLRQDO 'HYHORSPHQW






%R\HU 5 0F4XHHQ -  &RPSDULVRQ RI PDSSHG URFN
IUDFWXUHV DQG DLUSKRWR OLQHDU IHDWXUHV 3KRWRJUDPPHWULF
(QJLQHHULQJDQG5HPRWH6HQVLQJ
%URZQ 1  ,QWHJUDWLQJ VWUXFWXUDO JHRORJ\ ZLWK UHPRWH
VHQVLQJLQK\GURJHRORJLFDOUHVRXUFHHYDOXDWLRQDQGH[SORUDWLRQ
, 7HQWK 7KHPDWLF &RQIHUHQFH LQ *HRORJLF 5HPRWH
6HQVLQJ6DQ$QWRQLR7;
)HWWHU &:  $SSOLHG +\GURJHRORJ\UG (G 0DFPLOODQ
&ROOHJH3XEOLVKLQJ&RPSDQ\1<SS
/DWWPDQ /+ 3DUL]HN 55  5HODWLRQVKLS EHWZHHQ IUDFWXUH
WUDFHV DQG WKH RFFXUUHQFH RI JURXQGZDWHU LQ FDUERQDWH URFNV
-RXUQDORI+\GURORJ\
2¶/HDU\':)UHLGPDQ-'3RKQ+$/LQHDPHQWOLQHDU




















$ E V W U D F W   'XHWRWKHVSDWLDOYDULDELOLW\LQSHUPHDELOLW\RIIUDFWXUHGDTXLIHUVLWLVGLIILFXOWWRDVFULEHDYDOXHWRDSDUWLFXODUDTXLIHU




SUHYLRXV XVH $KPHG DQG GH0DUVLO\ .XSIHUVEHUJHU DQG%O|VFKO  LWV DYDLODELOLW\ DQG ODFN RI DVVXPSWLRQVPDGH LQ LWV







'HVFULSWLRQV RI DTXLIHU YXOQHUDELOLW\ LQ WKH %ULWLVK ,VOHV DUH
SULPDULO\ UHODWHG WR WKH SUHVHQFH DQG WKLFNQHVV RI GULIW 15$
3DOPHUHWDO(QYLURQPHQW$JHQF\6(3$
DQG'R( IRU1RUWKHUQ ,UHODQG   RU VXEVRLO WKLFNQHVV
DQG SHUPHDELOLW\ 'R(/* HW DO  RYHU SRWHQWLDO DTXLIHU




DQG ZHDNO\ SHUPHDEOH DQG FRPELQHG ZLWK VRLO FODVVHV WR IRUP
JURXQGZDWHUYXOQHUDELOLW\FODVVHV/HZLVHWDO
7KH DTXLIHU FODVVLILFDWLRQ LQWR WKUHH TXDOLWDWLYH FDWHJRULHV LV
DQ DFNQRZOHGJHPHQW RI WKH GLIILFXOW\ LQ FKDUDFWHULVLQJ WKH
SHUPHDELOLW\ IRU WKH IUDFWXUHG DQG NDUVWLF IORZ UHJLPHV
SUHGRPLQDWLQJ LQ WKHVH UHJLRQV 7R DVFULEH D K\GUDXOLF
FRQGXFWLYLW\IRUWKHVHDTXLIHUVZRXOGDVVXPHWKH\DUHVWDWLVWLFDOO\
KRPRJHQHRXV DW D ODUJH VFDOH DQG KHQFH DQ HIIHFWLYH K\GUDXOLF
FRQGXFWLYLW\ FRXOG EH GHILQHG DW WKDW VFDOH 6WRFKDVWLFPHWKRGV
DUH PRVW VXLWDEOH IRU FDOFXODWLRQ RI WKH HIIHFWLYH SHUPHDELOLW\





WR WKH FRUUHODWLRQ OHQJWK IRU D VWRFKDVWLF GHWHUPLQDWLRQ RI WKH
HIIHFWLYHSHUPHDELOLW\+RZHYHUFDQDTXDQWLWDWLYHSHUPHDELOLW\








SK\VLFDO SURSHUWLHV DQG DJULFXOWXUDO SUDFWLFH $QWKRQ\ HW DO
 )RU H[DPSOH LQ WKH8. DPDSSLQJ JULG RI NP FHOOV
KDV EHHQ XVHG LQ FRQVWUXFWLQJ D WRRO WR VXSSRUW WKH 8.




LV VWDWLVWLFDOO\ KRPRJHQHRXV RQ WKH ODUJH VFDOH 5HQDUG DQG GH
0DUVLO\,IWKHIUDFWXUHJHRPHWU\IUDFWXUHVSDFLQJOHQJWK
DQG DSHUWXUH DUH VXFK WKDW WKH VSDWLDO FKDQJH LQ K\GUDXOLF
FRQGXFWLYLW\IROORZVDORJQRUPDOGLVWULEXWLRQ.HIZLOOEHHTXDO
WR WKH JHRPHWULF PHDQ RI WKH UDQJH RI FRQGXFWLYLWLHV ,W LV
DVVXPHG WKDW WKH JHRPHWULF PHDQ RI D SDUDPHWHU OLQHDUO\
FRUUHODWHG WRK\GUDXOLFFRQGXFWLYLW\ LVDOVR UHSUHVHQWDWLYHRI WKH
PHGLXP
)RUDJULGXQLW VL]HRINP WKHDSSURSULDWH OHQJWKVFDOHRI
PHDVXUHPHQW LV  P )RU IUDFWXUHG PHGLD .HI LV PRVW
DSSURSULDWHO\ GHILQHG E\ ODUJHVFDOH IORZ DQG SUHVVXUH KHDG
PHDVXUHPHQWVHJSXPSLQJWHVWVGH0DUVLO\
:HKDYHUHYLHZHGDYDLODEOHGDWDRQSXPSLQJWHVWVFRQGXFWHG
LQ 6FRWODQG DQG FRUUHODWHG WKH ORFDWLRQV ZLWK WKH DVVRFLDWHG
JHRORJ\ W\SH IURP WKH %ULWLVK *HRORJLFDO 6XUYH\ %*6
GLJLWDOPDSRIVROLGJHRORJ\
)URP WKH PRVW FRPPRQO\ DYDLODEOH SDUDPHWHUV LQ WKH
SXPSLQJ WHVWGDWD WKH VSHFLILFFDSDFLW\KDVEHHQVHOHFWHGDV WKH
PRVW UHSUHVHQWDWLYH PHDVXUH RI EXON SHUPHDELOLW\ +RZHYHU DV
WKHVSHFLILFFDSDFLW\LVSURSRUWLRQDOWRWUDQVPLVVLYLW\HJ/RJDQ






7KH FRUUHODWLRQ RI WKH VSHFLILF FDSDFLW\ WR DTXLIHU
WUDQVPLVVLYLW\ KDV EHHQ LQYHVWLJDWHG E\ $KPHG DQG GH0DUVLO\
 ZKR REWDLQHG D FRUUHODWLRQ FRHIILFLHQW RI  IRU DQ
DTXLIHULQQRWKHUQ)UDQFH.XSIHUVEHUJHUDQG%O|VFKOVWDWH
WKDW XVH RI VSHFLILF FDSDFLW\ GDWD DUH XVHIXO LQ HVWLPDWLQJ WKH
WUDQVPLVVLYLW\ ILHOGV LQ WKH FRQWH[W RI JURXQGZDWHU TXDOLW\
PRGHOOLQJSDUWLFXODUO\ZKHUHFKDQQHOLVHGIORZLVWREHH[SHFWHG
$VVXPLQJWKH86&FRUUHODWHVZLWKEXONDTXLIHUSHUPHDELOLW\
ORFDOO\ D JHQHUDO LQGLFDWRU YDOXH RI SHUPHDELOLW\ FRXOG EH









$ NH\ WDVN LQ WKLV ZRUN LV FROODWLRQ DQG IRUPDWWLQJ RI WKH
SXPSLQJ WHVW GDWD DYDLODEOH IRU 6FRWODQG EDVHG RQ SXEOLVKHG
UHSRUWV DQG LQIRUPDWLRQ DUFKLYHG E\ WKH %*6 $W WKH WLPH RI
ZULWLQJ D VHW RI  WHVWV KDG EHHQ LGHQWLILHG LQ WRWDO VRPH RI
ZKLFK GR QRW LQFOXGH VXIILFLHQW LQIRUPDWLRQ WR GHWHUPLQH86&
&XUUHQWO\ DOO RI WKH WHVWV FRYHUJHRORJ\ W\SHVRIZKLFKRQO\
'HYRQLDQ2OG5HG6DQGVWRQHDQG3HUPLDQEDVDOEUHFFLD















VDQGVWRQHV KDYH VSHFLILF FDSDFLW\ YDOXHV IURP D VLJQLILFDQW
QXPEHURIWHVWVDQGUHVSHFWLYHO\
)LJVKRZVWKHGLVWULEXWLRQRIWKHLQLWLDOO\LGHQWLILHGSXPSLQJ
WHVWV ZKHUH WKH GDUNHU PRVWO\ ORZODQG DUHDV UHSUHVHQW WKH
VHGLPHQWDU\ URFN W\SHV DQG WKH OLJKWHU KLJKODQG DUHDV WKH
PHWDPRUSKLFDQG LJQHRXV URFNV$VFDQEHVHHQ WKHPDMRULW\RI
WKH WHVWV DUH DVVRFLDWHG ZLWK WKH ORZODQG VHGLPHQWDU\ GHSRVLWV
FRPSULVLQJPRVWO\'HYRQLDQDQG3HUPLDQIUDFWXUHGVDQGVWRQHV
7KH ILQDO GDWDEDVHRI SXPSLQJ WHVWV LGHQWLILHG LQ WKLV VWXG\ LV
XVHG WR GHWHUPLQH JHQHUDO SHUPHDELOLW\ LQGLFDWRU YDOXHV IRU WKH
PDMRU IUDFWXUHG DTXLIHUV LQ 6FRWODQG 7KH UHVXOWV RI ZKLFK DUH









PHWKRGV IRU HVWLPDWLQJ WUDQVPLVVLYLW\ XVLQJ GDWD RQ




GH 0DUVLO\ *  4XDQWLWDWLYH +\GURJHRORJ\ *URXQGZDWHU
+\GURORJ\IRU(QJLQHHUV$FDGHPLF3UHVV,QF/RQGRQSS
'HSDUWPHQW RI WKH (QYLURQPHQW DQG /RFDO *RYHUQPHQW
(QYLURQPHQWDO 3URWHFWLRQ $JHQF\ DQG *HRORJLFDO 6XUYH\ RI
,UHODQG  $ VFKHPH IRU WKH SURWHFWLRQ RI JURXQGZDWHU
*HRORJLFDO6XUYH\RI,UHODQG'XEOLQ
'HSDUWPHQW RI WKH (QYLURQPHQW IRU 1RUWKHUQ ,UHODQG 
*URXQGZDWHU YXOQHUDELOLW\ PDS IRU 1RUWKHUQ ,UHODQG
(QYLURQPHQW 6HUYLFH 'HSDUWPHQW RI WKH (QYLURQPHQW IRU
1RUWKHUQ,UHODQG
'HSDUWPHQW RI WKH (QYLURQPHQW IRU 1RUWKHUQ ,UHODQG 
3ROLF\ DQG SUDFWLFH IRU WKH SURWHFWLRQ RI JURXQGZDWHU LQ
1RUWKHUQ ,UHODQG D FRQVXOWDWLRQ GRFXPHQW (QYLURQPHQW
6HUYLFH'HSDUWPHQWRIWKH(QYLURQPHQWIRU1RUWKHUQ,UHODQG
(QYLURQPHQW $JHQF\  3ROLF\ DQG SUDFWLFH IRU WKH
SURWHFWLRQRIJURXQGZDWHU+062/RQGRQ
.XSIHUVEHUJHU + %O|VFKO *  (VWLPDWLQJ DTXLIHU
WUDQVPLVVLYLWLHV±RQWKHYDOXHRIDX[LOLDU\GDWD-RI+\GURORJ\

/HZLV0$/LOOH\$%HOO -6 *URXQGZDWHU YXOQHUDELOLW\
PDSSLQJ LQ 6FRWODQG PRGLILFDWLRQV WR FODVVLILFDWLRQ XVHG LQ
(QJODQG DQG :DOHV ,Q 5RELQV 16 0LVVWHDU %'5 HGV
*URXQGZDWHU LQ WKH&HOWLF5HJLRQV6WXGLHV LQ+DUG5RFNDQG
4XDWHUQDU\ +\GURJHRORJ\ *HRO 6RF 6SHF 3XE 1R 
/RQGRQ
/RJDQ -  (VWLPDWLQJ WUDQVPLVVLELOLW\ IURP URXWLQH
SURGXFWLRQWHVWVRIZDWHUZHOOV*URXQG:DWHU
/RUG(,$QWKRQ\6*0$*3,($PRGHOOLQJIUDPHZRUN
IRU HYDOXDWLQJ QLWUDWH ORVVHV DW QDWLRQDO DQG FDWFKPHQW VFDOHV
6RLO8VHDQG0DQDJHPHQW
1DWLRQDO 5LYHUV $XWKRULW\  3ROLF\ DQG SUDFWLFH IRU WKH
SURWHFWLRQRIJURXQGZDWHU15$%ULVWRO
3DOPHU 5& +ROPDQ ,3 5RELQV 16 /HZLV 0$  0 $
*XLGH WR*URXQGZDWHU9XOQHUDELOLW\0DSSLQJ LQ(QJODQG DQG
:DOHV+062IRU1DWLRQDO5LYHUV$XWKRULW\
5HQDUG 3K GH 0DUVLO\ *  &DOFXODWLQJ HTXLYDOHQW
SHUPHDELOLW\DUHYLHZ$GYDQFHVLQ:DWHU5HVRXUFHV1RV




















$ E V W U D F W :HSURSRVHDPXOWLYDULDWHVWDWLVWLFDODSSURDFKIRUWKHDQDO\VLVRIPHVRVFDOHIORZDQGWUDQVSRUWH[SHULPHQWV:LWKLQWKLV
VWDWLVWLFDO DSSURDFK IORZ DQG WUDQVSRUW PHDVXUHPHQWV DUH FODVVLILHG E\ PHDQV RI TXDVLKRPRJHQRXV JURXSV LQ RUGHU WR GHWHUPLQH
SURSHUWLHV DQG SDUDPHWHU ]RQDWLRQ FRQWUROOLQJ WKH JRYHUQLQJ IORZ DQG WUDQVSRUW SURFHVVHV ZLWKLQ WKH LQYHVWLJDWHG V\VWHP 7KH
PHWKRGRORJ\ZDVDSSOLHGWRDGDWDVHWRIJDVIORZDQGWUDFHUH[SHULPHQWVFRQGXFWHGWRDQXQVDWXUDWHGILVVXUHGVDQGVWRQHEORFNRI
uuFPLQVL]H7KHSHUIRUPHGFODVVLILFDWLRQVKRZVWKDWWKHH[SHULPHQWDOGDWDFDQEHGLYLGHGLQWRWKUHHFKDUDFWHULVWLFJURXSV







7\SLFDOO\ ILVVXUHG DQG IUDFWXUHG URFNV DUH GRPLQDWHG PRUH E\
KHWHURJHQHLW\DQGDQLVRWURS\WKDQXQFRQVROLGDWHGVHGLPHQWVWKXV
IORZDQG WUDQVSRUWFDQEHH[SHFWHG WREHPRUHFRPSOH[ LQVXFK
DTXLIHUV\VWHPV$VDFRQVHTXHQWWKHUHOLDEOHFKDUDFWHUL]DWLRQRI
ILVVXUHG DQG IUDFWXUHG KDUG URFNV DQG SUHGLFWLRQV RI IORZ DQG
WUDQVSRUW LQ VXFK URFNV DUH YHU\ GLIILFXOW GXH WR WKHLU KLJKHU
GHJUHH RI KHWHURJHQHLW\ DQG DQLVRWURS\ 7KLV FKDUDFWHULVWLFDOO\
FDXVHVKLJKFRQWUDVWVLQK\GUDXOLFFRQGXFWLYLW\ZLWKLQWKHV\VWHP
DQGKLJKVSDWLDOSDUDPHWHUYDULDELOLW\ ,QRUGHU WRGHWHUPLQH WKH




ULJRURXV DQG REMHFWLYH FODVVLILFDWLRQ RI UHVXOWV IURP IORZ DQG
WUDQVSRUW H[SHULPHQWV ZKLFK DOORZV WKH LGHQWLILFDWLRQ RI
SDUDPHWHU ]RQDWLRQ LQ WHUPV RI VWUXFWXUH LGHQWLILFDWLRQ 7KH




SULRUL LQIRUPDWLRQ DERXW WKH LQYHVWLJDWHG V\VWHP DUH XVHG 7KH
FODVVLILFDWLRQ LV SHUIRUPHG XVLQJ D FRPELQDWLRQ RI GLIIHUHQW






7KH PHWKRGRORJ\ ZDV DSSOLHG WR GDWD IURP D VHW RI IORZ DQG
WUDQVSRUW GDWD FRQGXFWHG LQ DQ XQVDWXUDWHG ILVVXUHG FXELF
VDQGVWRQHEORFNRIuuFP LQVL]H ,QRUGHU WRREWDLQ
IXOO\FRQWUROODEOHERXQGDU\FRQGLWLRQVWKHEORFNZDVVHDOHGZLWK
HSR[\UHVLQRIDSSUR[LPDWHO\PPWKLFNQHVV7RHQDEOHDFFHVV
WR WKH VDPSOH  LQMHFWLRQ DQG PHDVXULQJ SRUWV UHVSHFWLYHO\
DWWDFKHGLQDUHJXODUJULGRQWRWKHF\OLQGHU7KHSRUWVFRQVLVWRI
FLUFXODU PHWDO SOXJV ZLWK  FP LQ GLDPHWHU GHILQLQJ FRQWUROOHG
LQSXWRXWSXWDUHDV,QWKHFHQWHURIHDFKSODVWLFSOXJDYDOYHZDV
DWWDFKHG DOORZLQJ WR SOXJ LQ D WXEH 7KH WUDQVSRUW H[SHULPHQWV
GLVFXVVHG LQ WKLV SDSHU DUH FRQGXFWHG E\ XVLQJ RQH SRUW IRU
LQMHFWLRQ DQG WKH SRUW RQ WKH RSSRVLWH VLGH IRU H[WUDFWLRQ RI WKH




PHWHU $IWHU D VWDWLRQDU\ IORZ ILHOG LV HVWDEOLVKHG D JDV WUDFHU
KHOLXPLV LQMHFWHGYLDDE\SDVVORRSDQGLVGHWHFWHGE\DPDVV
VSHFWURPHWHU 7KXV PHDVXUHPHQWVZHUH SHUIRUPHG ,Q RUGHU
WR YHULI\ WKH IROORZLQJ VWDWLVWLFDO FODVVLILFDWLRQ D GHWDLOHG







D    E
F    G

)LJXUH  D 5HFRUGHG EUHDNWKURXJK FXUYHV RI DOO  WUDFHU
H[SHULPHQWVFRQGXFWHGWRWKHVDQGVWRQHEORFNE,OOXVWUDWLRQ
RI WKHXVHGSRUWSRUW FRQQHFWLRQV IRURQHRI WKUHHVSDWLDO
GLUHFWLRQV 1RWH WKDW IRU HDFK IORZ DQG WUDQVSRUW H[SHULPHQW
RQO\RQHRIWKHVKRZQFRQILJXUDWLRQLVXVHGF,OOXVWUDWLRQRI
WKH EUHDNWKURXJK FXUYHV VHSDUDWHG ZLWK UHVSHFW WR WKHLU
VSDWLDO SRVLWLRQ RI WKH SRUWSRUW FRQILJXUDWLRQ G ,OOXVWUDWHV
WKH SRUWSRUW FRQQHFWLRQV IRU WKH EUHDNWKURXJK FXUYHV
LOOXVWUDWHGLQFIRURQHRIWKUHHVSDWLDOGLUHFWLRQV

















































)LJE DOORZ WKH VHSDUDWLRQ RI WKH H[SHULPHQWDO UHVXOWV LQWR
WKUHH JURXSV ZLWK H[DFWO\ WKH VDPH PHDVXULQJ FRQILJXUDWLRQ
:LWKRXWIXQGDPHQWDODVVXPSWLRQDERXWWKHVWUXFWXUHRIWKHEORFN
OHDGLQJ WR UHVWULFWHG LQWHUSUHWDWLRQV LW LV QRW SRVVLEOH WR UHPRYH
WKH LQIOXHQFHRI WKHPHDVXULQJFRQGLWLRQRQWKHEUHDNWKURXJKRI
WKH WUDFHU7R DFFRXQW IRU WKLV WKHSUHVHQWHG VWDWLVWLFDOPHWKRGV
DUHFRQGXFWHGVHSDUDWHO\IRUHDFKRIWKHWKUHHGLVWLQFWPHDVXULQJ
FRQILJXUDWLRQV 7KH LQWHUSUHWDWLRQ DUH SUHVHQWHG RQO\ IRU WKH
H[SHULPHQWVZLWK WKHPHDVXULQJ FRQILJXUDWLRQV VKRZQ LQ)LJXUH
FDQGGUHVSHFWLYHO\
7R HQVXUH WKH REMHFWLYLW\ RI WKH DSSURDFK YDULDEOHV DUH
FKRVHQ WKDW FDQ GLUHFWO\ EH GHULYHG IURP WKH H[SHULPHQWDO GDWD
VXFK DV GHILQLWH EUHDNWKURXJK WLPHV RU PHDVXUHG IORZ UDWH
&RQVHTXHQWO\ WKH VWDWLVWLFDO DSSURDFK GHVFULEHG LQ WKLV SDSHU LV





7KH VWDWLVWLFDO DSSURDFK FDQ EH GLYLGHG LQWR WZR SDUWV 7KH
REMHFWLYHRI WKH ILUVW SDUWRI WKH VWDWLVWLFDO LQYHVWLJDWLRQV LV L WR
GHWHUPLQH WKHQXPEHURIYDULDEOHVWKDWDUHVXIILFLHQW WRGHVFULEH
WKHLQYHVWLJDWHGV\VWHPDQGLL WR LGHQWLI\XQFRUUHODWHGYDULDEOHV
GHVFULELQJ WKH IORZDQG WUDQVSRUW V\VWHPRI WKHFXELF VDQGVWRQH
EORFN8QFRUUHODWHGYDULDEOHVDUHDSUHUHTXLVLWHIRUWKHIROORZLQJ
FODVVLILFDWLRQ RI WKH EUHDNWKURXJK FXUYHV )RU WKLV UHDVRQ D
FRPELQDWLRQZDVGHYHORSHGFRPELQLQJWKHUHVXOWVRIKLHUDUFKLFDO
FOXVWHU DQDO\VLV +DUWLJDQ  DQG SULQFLSDO FRPSRQHQW
DQDO\VLV-|UHVNRJHWDO7KHREMHFWLYHRIWKHVHFRQGSDUW
LV WKH VSOLWWLQJRI WKHEUHDNWKURXJKFXUYHV LQTXDVLKRPRJHQRXV
JURXSVE\WKHGHWHUPLQHGXQFRUUHODWHGYDULDEOHV7KLVDOORZVWKH
LGHQWLILFDWLRQ DQG FKDUDFWHUL]DWLRQ RI UHSUHVHQWDWLYH GDWD VHWV
UHIOHFWLQJ GLIIHUHQW ]RQHV ZLWK TXDVLKRPRJHQRXV IORZ DQG
WUDQVSRUWSURSHUWLHVZLWKLQWKHVDQGVWRQHEORFN7KHFODVVLILFDWLRQ






7KH SHUIRUPHG FODVVLILFDWLRQ VKRZV WKDW WKH H[SHULPHQWDO GDWD
FDQEHGLYLGHGLQWRWKUHHFKDUDFWHULVWLFJURXSVUHIOHFWLQJWKHPDLQ
]RQDWLRQ RI WKH LQYHVWLJDWHG VDQGVWRQH EORFN ,Q RUGHU WR YHULI\




&OXVWHU  FRQWDLQV DOO EUHDNWKURXJK FXUYHV UHFRUGHG IURP




WKH SHWURIDEULF VKRZV WKDW DOVR LQ WKH YLFLQLW\ RI WKHVH SRUW WKH
PDWUL[ LV FRDUVHU &OXVWHU  FRQWDLQV DOO EUHDNWKURXJK FXUYHV
ZKLFK DUH UHFRUGHG RUWKRJRQDO WR WKH EHGGLQJ DQG FOXVWHU 
FRQWDLQV DOO EUHDNWKURXJK FXUYHVZKLFK DUH UHFRUGHG SDUDOOHO WR
WKHEHGGLQJLQWKHILQHUJUDLQHGPDWUL[7KHVKDSHRIWKHFXUYHV
ZLWKLQ WKH GLVWLQFW FOXVWHUV FRUUHVSRQGV DOVR ZHOO ZLWK WKH
SHWURIDEULF GHULYHG IURP WKH PDSSLQJ RI WKH EORFN (J WKH
EUHDNWKURXJK FXUYHV RI FOXVWHU  DUH FKDUDFWHUL]HG E\ DQ LQLWLDO
DQG GRPLQDQW EUHDNWKURXJK RFFXUULQJ DW VLJQLILFDQWO\ HDUOLHU
WLPHVZLWK D VKDUS FRQFHQWUDWLRQ LQFUHDVHXS WR WKHSHDNZKLOH
WKHEUHDNWKURXJKFXUYHVRIFOXVWHUDQGDUHFKDUDFWHUL]HGE\D
EURDG DQG IODW VKDSH 7KLV LQGLFDWHV WKDW WKH XSSHU SDUW LV
GRPLQDWHG E\ ZHOO LQWHUFRQQHFWHG SRUHV ZLWK D KLJKHU
SHUPHDELOLW\ WKDQ WKH ORZHUSDUW DV WKH ILVVXUHVGRQRWKDYHDQ
HYLGHQWLQIOXHQFH





JHRORJLFDO FODVVLILFDWLRQ GHPRQVWUDWHV WKDW WKH SUHVHQWHG
PXOWLYDULDWH VWDWLVWLFDO DSSURDFK LV KLJKO\ UHOLDEOH 2QH
DSSOLFDWLRQ RI WKH DSSURDFK LV WR GHYHORS DQ DGDSWHG PRGHO







RI WKH*HUPDQ5HVHDUFK)RXQGDWLRQ WR WKH³+DUG5RFN$TXLIHU











RI PXOWLYDULDWH REVHUYDWLRQV WK %HUNHOH\ 6\PSRVLXP RQ
0DWKHPDWLFV6WDWLVWLFVDQG3UREDELOLW\








































































































































5HOLDEOH WUDQVSRUW DQG JURXQGZDWHU PRGHOV UHTXLUH GHWDLOHG
LQIRUPDWLRQ DERXW WKH VSDWLDO GLVWULEXWLRQ RI K\GUDXOLF
FRQGXFWLYLW\ DQG VWRUDJH FRHIILFLHQW 7KHUHIRUH KLJK UHVROXWLRQ
DTXLIHU FKDUDFWHUL]DWLRQ WHFKQLTXHV DUH QHHGHG +\GUDXOLF
WRPRJUDSK\KDVEHHQSURSRVHGE\ VHYHUDO DXWKRUV %XWOHUHWDO
*RWOLHEDQG'LHWULFKDVDPHWKRGZKLFKDOORZV WKH
LGHQWLILFDWLRQ RI WKH VSDWLDO GLVWULEXWLRQ RI K\GUDXOLF SURSHUWLHV
7KH SURFHGXUH FRQVLVWV RI D VHULHV RI K\GUDXOLF VKRUWWHUP WHVWV
FRQGXFWHG LQ D WRPRJUDSKLFDO DUUD\ 7KH DUULYDO WLPHV REWDLQHG
IURPWKHVHWHVWVFDQEHLQYHUWHGQXPHULFDOO\LQRUGHUWRSURGXFHD
GHWDLOHG WZR RU WKUHH GLPHQVLRQDO LPDJH RI WKH K\GUDXOLF
SURSHUWLHVRIWKHVXEVXUIDFH
7KH SUHVHQWHG K\GUDXOLF WRPRJUDSKLF DSSURDFK HPSOR\V D
QHZ LQYHUVLRQ WHFKQLTXH GHULYHG IURP WUDYHO WLPH WRPRJUDSK\
7UDYHO WLPH WRPRJUDSK\ FDQ EH GHVFULEHG DV D RQHGLPHQVLRQDO
EDFN SURMHFWLRQ RI WUDYHO WLPHV RI D WZR RU WKUHH GLPHQVLRQDO
YHORFLW\ GLVWULEXWLRQ 7KH LQIOXHQFH RI WKH YHORFLW\ ILHOG RQ WKH
WUDYHOWLPHEHWZHHQDVRXUFHDQGDUHFHLYHUFDQEHGHVFULEHGDVD
OLQH LQWHJUDO UHODWLQJ WKH WUDYHO WLPH WR WKH YHORFLW\ ILHOG ,Q
DFFRUGDQFHWRWKLVLWLVSRVVLEOHWRGHILQHDOLQHLQWHJUDOUHODWLQJ
WKH DUULYDO WLPH RI D ³K\GUDXOLF VLJQDO´ WR WKH GLIIXVLYLW\ RI WKH
LQYHVWLJDWHGV\VWHP7KLVNLQGRI OLQH LQWHJUDOFDQEHVROYHGIRU
K\GUDXOLF GDWD E\ XVLQJ DOJRULWKPV ZKLFK DUH HVWDEOLVKHG LQ
VHYHUDOJHRSK\VLFDOGLVFLSOLQHV2Q WKHEDVLVRI UD\ WRPRJUDSK\
ZH SURSRVH D PHWKRGRORJ\ WR LQYHUW WUDYHO WLPHV RI SUHVVXUH
SXOVHVLQRUGHUWRFUHDWHDGLPHQVLRQDOLPDJHRIWKHGLIIXVLYLW\
GLVWULEXWLRQ RI D IUDFWXUHG VDQGVWRQH F\OLQGHU :H XVH WKH
WHUPLQRORJ\K\GUDXOLFLQVWHDGRISQHXPDWLFWRPRJUDSK\EHFDXVH






7KH SURSDJDWLRQ RI D SUHVVXUH SXOVH LQ WKH VXEVXUIDFH FDQ EH
GHVFULEHG E\ D OLQH LQWHJUDO UHODWLQJ WKH DUULYDO WLPH RI D







[ VRXUFH WR WKH REVHUYDWLRQ SRLQW [ UHFHLYHU DQG' LV WKH
GLIIXVLYLW\
7KH SURSDJDWLRQ RI D VHLVPLF VLJQDO FDQ EH GHVFULEHG
VLPLODUO\ E\ D OLQH LQWHJUDO UHODWLQJ WKH WUDYHO WLPH W UHFRUGHG






,Q RXU DSSURDFKZH XWLOL]H WKH VLPLODULW\ EHWZHHQ WKH HTXDWLRQV
DQG7KLVVLPLODULW\DOORZVWKHXVHRI WKHVDPHLQYHUVLRQ
VRIWZDUH 7KH LQYHUVLRQ ZDV FRQGXFWHG ZLWK WKH FRPPHUFLDO
VRIWZDUHSDFNDJH*HR7RP'ZKLFKLVEDVHGRQWKHODVW%XUHDX
RI 0LQHV WRPRJUDSK\ SURJUDP '720 -DFNVRQ DQG 7ZHHWRQ
 7KH SURJUDP XVHV D OHDVW VTXDUH VROXWLRQ RI D OLQHDU
LQYHUVH SUREOHP 7KH GHILQHG LQWHJUDO FDQ EH FRQYHUWHG WR D





ZKHUHGLM LV WKHGLVWDQFHRI VWUHDPOLQH L LQ YR[HO M DQG'M LV WKH
DYHUDJH GLIIXVLYLW\ RI WKH VWUHDPOLQH DORQJ WKH SDWK VHJPHQW GLM
ZLWKLQYR[HOM7KHJRDORIWKHLQYHUVLRQLVWRFKRRVHDGLIIXVLYLW\






ZKHUH LW'  FRUUHVSRQGV WR WKH GLIIHUHQFH HUURU LQ GDWD ILW
EHWZHHQ WKH PHDVXUHG WUDYHO WLPH PLW  DQG WKH HVWLPDWHG WUDYHO
WLPH HLW DQG
' M'  LV WKH LQFUHPHQWDO GLIIXVLYLW\ FRUUHFWLRQ














$VWKHLQFUHPHQWDOGLIIXVLYLW\FRUUHFWLRQ ' M' LVDFFXPXODWHG
IRU DOO VWUHDPOLQHV EHIRUH EHLQJ DSSOLHG WR WKH YR[HOV WKH XVHG
DOJRULWKP LV FDOOHG6,576LPXOWDQHRXV ,WHUDWLYH5HFRQVWUXFWLRQ
7HFKQLTXH*LOEHUW$VWKHSURSDJDWLRQRIVWUHDPOLQHVDQG


















































































FURVVZHOO SUHVVXUH WHVWV FRQGXFWHG LQ DQ XQVDWXUDWHG IUDFWXUHG
VDQGVWRQHF\OLQGHUZLWKDKHLJKWRIFPDQGDGLDPHWHURI
FP,QRUGHUWRREWDLQIXOO\FRQWUROODEOHERXQGDU\FRQGLWLRQVWKH
F\OLQGHU ZDV VHDOHG ZLWK HSR[\ UHVLQ RI DSSUR[LPDWHO\  PP





SOXJ LQ D WXEH  PHDVXUHPHQWV ZKHUH SHUIRUPHG )LJ
LOOXVWUDWHV WKH H[SHULPHQWDO VHWXS$W WKH LQMHFWLRQSRUWZHKDYH
DSSOLHG D+HDYLVLGH VRXUFH 7KHUHE\ FRPSUHVVHG DLU LV LQMHFWHG
LQWRWKHXQVDWXUDWHGVDQGVWRQHEORFNDQGWKHIORZUDWHLVUHFRUGHG








SUDFWLFH HVSHFLDOO\ IRU WKH UHDOLVDWLRQ RI DQ DGHTXDWH VLJQDO
VWUHQJWK QHHGHG IRU ORQJ GLVWDQFHV ,Q RUGHU WR DYRLG WKH
GLIIHUHQWLDWLRQRIHDFKUHFRUGHGFXUYHDFRQYHUVLRQIDFWRUUHODWLQJ











7KH F\OLQGHU LV FKDUDFWHUL]HG E\ D IUDFWXUH UDQJLQJ IURP WRS WR
ERWWRP7KHIUDFWXUHLVHPEHGGHGLQDPRUHRUOHVVKRPRJHQHRXV
PDWUL[ DQG LW FDQ EH DVVXPHG WKDW LQ WKLV VHWWLQJ SURQRXQFHG
SUHIHUHQWLDO IORZPD\EHREVHUYHG7KHSRWHQWLDOSRVLWLRQRIWKH
IUDFWXUH ZDV PDSSHG SULRU WR WKH UHVLQ FRDWLQJ RI WKH F\OLQGHU
)LJ ,QRUGHU WRPLQLPL]H WKHHIIHFWVRI WKHVSDFHGHSHQGHQW
VWUHDPOLQHGHQVLW\ZHKDYHFRQILQHGRXULQYHVWLJDWLRQDUHDRIWKH
FHQWUDOSDUWRIWKHF\OLQGULFDOVDPSOH]PLQ FP]PD[ FP
EHFDXVH WKH DQJXODU DSHUWXUH FRYHULQJ WKH WRS DQG ERWWRP LV
OLPLWHG
7KHLPDJHGVOLFHVRIGLIIHUHQWGHSWKVRIWKHF\OLQGHUVKRZWKH
GLPHQVLRQDO VSDWLDO GLIIXVLYLW\ GLVWULEXWLRQ )LJ 7KH
JHQHUDOL]HGSDUDPHWHURIGLIIXVLYLW\ LV WKHTXRWLHQW RIK\GUDXOLF
FRQGXFWLYLW\WRVWRUDJH7KHGLIIXVLYLW\LVDVXLWDEOHSDUDPHWHUIRU
WKHFKDUDFWHUL]DWLRQRIGLIIHUHQFHVLQWKHIORZDQGPLJUDWLRQSDWKV
EHFDXVH WKH\ DFFHQWXDWH WKH FRQWUDVW EHWZHHQ WKH IUDFWXUH DQG
PDWUL[ GRPLQDWHG V\VWHP $OO VOLFHV VKRZ WKDW VLJQLILFDQW
YDULDWLRQV LQ GLIIXVLYLW\ DUH SUHVHQW ZKHUHE\ WKH ODUJHVW
GLIIXVLYLW\YDOXHVFRLQFLGHSHUIHFWO\ZLWKWKHSRWHQWLDOSRVLWLRQRI
WKH IUDFWXUH 7KH GLIIXVLYLW\ GLVWULEXWLRQ DJUHHV ZLWK WKH ZHOO











7KH LQYHUVLRQ ZDV FRQGXFWHG ZLWK WHQ FXUYHG UD\ LWHUDWLRQ
VWHSVZKHUHE\ WKH LQLWLDO ILW WR WKHPHDVXUHG GDWD LV EDVHGRQ D
XQLIRUP SUHOLPLQDU\ $V WKH LPDJHV ZHUH IRXQG WR EH KLJKO\






7KH LQYHVWLJDWLRQVZHUHFRQGXFWHGZLWK WKH ILQDQFLDO VXSSRUWRI
WKH *HUPDQ 5HVHDUFK )RXQGDWLRQ WR WKH ³+DUG 5RFN $TXLIHU







QHWZRUNV RI PXOWLOHYHO VDPSOLQJ ZHOOV 0RWLYDWLRQ DQG
PHWKRGRORJ\:DWHU5HVRXUFHV5HVHDUFK
'LQHV .$ /\WOH 5-  &RPSXWHUL]HG *HRSK\VLFDO
7RPRJUDSK\3URF,(((
*LOEHUW 3  ,WHUDWLYH PHWKRGV IRU WKUHHGLPHQVLRQDO
UHFRQVWUXFWLRQ RI DQ REMHFW IURP SURMHFWLRQV - WKHRU %LRO

*RWWOLHE - 'LHWULFK 3  ,GHQWLILFDWLRQ RI WKH SHUPHDELOLW\
GLVWULEXWLRQLQVRLOE\K\GUDXOLFWRPRJUDSK\,QYHUVH3UREOHPV

-DFNVRQ 0- 7ZHHWRQ '5  '720 7KUHHGLPHQVLRQDO
*HRSK\VLFDO 7RPRJUDSK\ 8QLWHG 6WDWHV 'HSDUWPHQW RI WKH
,QWHULRU%XUHDXRI0LQHV5HSRUWRI,QYHVWLJDWLRQSS
9DVFR':.HHUV+.DUDVDNL.(VWLPDWLRQRIUHVHUYRLU

































,Q WKH HQYLURQPHQWDO FRQVXOWLQJ LQGXVWU\ WKH RULHQWHG FRUH
PHWKRGKDVLPSRUWDQWDSSOLFDWLRQVIRUVHGLPHQWDU\EHGURFNVLWHV
ZLWK FRPSOH[ VWUXFWXUH DQG VWUDWLJUDSK\ 7KHVH FRPSOH[
VXEVXUIDFH IHDWXUHVFRXOG LQFOXGHVHGLPHQWDU\ URFNVWUDWDZKLFK
DUH KHDYLO\ IUDFWXUHG RU IDXOWHG DQGRU SRVVHVVYDULDEOHEHGGLQJ
WKLFNQHVV OLWKRORJ\ DQG FRQWLQXLW\ DQG SURYLGH FRQWDPLQDQW
PLJUDWLRQ SDWKZD\V LQ WKH YDGRVH DQGRU VDWXUDWHG ]RQHV 7KH
DFTXLVLWLRQRIEHGURFNFRUHLVLQLWVHOIDFRQVLGHUDEOHEHQHILWIRU
DQ\ VXEVXUIDFH LQYHVWLJDWLRQ EHFDXVH WKH FRQVXOWDQW LV DEOH WR
YLHZ D QHDUO\ LQWDFW XQGLVWXUEHG URFN UHFRUG RI WKH GULOOHG
VXEVXUIDFH 7KH FROOHFWLRQ RI FRQWLQXRXV RULHQWHG FRUH SURYLGHV
DQ HYHQJUHDWHU DGYDQWDJH IRU DQHQYLURQPHQWDORUJHRWHFKQLFDO
LQYHVWLJDWLRQEHFDXVHLWDOORZVWKHJHRORJLVWWRYLHZDQGDQDO\]H
WKH IRUPDWLRQ VWUXFWXUH DQG VXEVHTXHQWO\ SUHSDUH D GHWDLOHG
VXEVXUIDFH JHRORJLF PRGHO 6XEVXUIDFH GDWD REWDLQHG IURP
SUHYLRXV RU VXEVHTXHQW LQYHVWLJDWLRQV XVLQJ OHVV H[SHQVLYH
FRQYHQWLRQDO GULOOLQJ WHFKQLTXHV WKHQ FDQ EH LQSXW LQWR WKLV
PRGHOZLWKDKLJKOHYHORIFRQILGHQFH
$FDVHVWXG\GRFXPHQWLQJWKHXVHDQGUHVXOWVRIWKHRULHQWHG
FRUH LQYHVWLJDWLRQPHWKRG LVSUHVHQWHG WR VXPPDUL]H WKHRYHUDOO
PHWKRGRORJ\ DQG SURFHGXUHV DGYDQWDJHVGLVDGYDQWDJHV RI WKH
PHWKRG DQG WKH UHVXOWDQW GDWD DQG LQWHUSUHWDWLRQ 7KH VXEMHFW
HQYLURQPHQWDO FDVH KLVWRU\ LQYROYHV D JDVROLQH UHPHGLDO
LQYHVWLJDWLRQDWDVLWHORFDWHGLQ/RV$QJHOHV&DOLIRUQLD7KLQO\
LQWHUEHGGHG WR ODPLQDWHG SRRUO\ WR PRGHUDWHO\ LQGXUDWHG
VHGLPHQWDU\ URFN ZLWK PRGHUDWHO\ GHYHORSHG IUDFWXUHV RI WKH
0LRFHQHDJH3XHQWH)RUPDWLRQXQGHUOLHVWKHVLWH'LEEOHH
/DPDU
'DWD JHQHUDWHG IURP VHYHQ RULHQWHG FRUHKROHVZHUH XVHG WR
SURYLGH ´DQFKRU SRLQWV´ IRU GHWDLOHG  DQG GLPHQVLRQDO
VWUDWLJUDSKLF HYDOXDWLRQV7KHVLWH VWUDWLJUDSK\ W\SLFDOO\FRQVLVWV
RIDQXSSHUFRDUVHUJUDLQHGOLWKRIDFLHVSUHGRPLQDQWO\FRPSRVHG
RI ILQHO\ LQWHUEHGGHG VDQGVWRQH VLOWVWRQHDQGVLOW\PXGVWRQH LQ
WKHVRXWKSDUWRIWKHVLWH7KLVOLWKRIDFLHVLVXQGHUODLQE\HLWKHUD
UHODWLYHO\ WKLFN DQG PRUH PDVVLYHO\ EHGGHG VHTXHQFH RI VLOW\
PXGVWRQHFOD\H\VLOWVWRQHPXGVWRQHDQGVLOWVWRQHLQWKHFHQWUDO
SDUWRIWKHVLWHRUDORZHUYDULDEO\EHGGHGOLWKRIDFLHVGRPLQDWHG
E\ VDQG\ VLOWVWRQHVLOW\ VDQGVWRQH LQ WKH QRUWK SDUW RI WKH VLWH





DQGGLSSLQJ6: WKLVPHDQRULHQWDWLRQ LVFRQVLVWHQWZLWK WKH
UHJLRQDOEHGGLQJRULHQWDWLRQ'LEEOHH/DPDU
7KHVLWHK\GURVWUDWLJUDSK\ZKLFKFRQVLVWVRIWKLQSHUPHDEOH
VDQG\ ODPLQD LQWHUEHGGHG ZLWK LPSHUPHDEOH PXGVWRQH DQG
VLOWVWRQH LV FRQGXFLYH WR WKH IRUPDWLRQ RI VPDOOVFDOH LVRODWHG
JURXQGZDWHU IORZDQG VWRUDJH ]RQHV7KHEHGURFNDQG IUDFWXUHV
DUHFDSDEOHRIVWRULQJDSSUHFLDEOHTXDQWLWLHVRIJURXQGZDWHUGXH
WR WKHLUJHQHUDOO\KLJKHUSRURVLW\EXW WUDQVPLWZDWHUVORZO\DQG
LQ VPDOO YROXPQV *URXQGZDWHU DW WKH VLWH IORZV JHQHUDOO\
VRXWKZDUG LQ D GRZQGLS GLUHFWLRQ 7KLV UHODWLRQVKLS VXJJHVWV
WKDW KLJKHU SHUPHDELOLW\ VWUDWD ZLWKLQ WKH IRUPDWLRQ SOD\ D
VLJQLILFDQW UROH LQ FRQWUROOLQJ JURXQGZDWHU PRYHPHQW 7KHVH
FRQGLWLRQVIDYRUJURXQGZDWHUUHFKDUJHRISHUPHDEOHEHGVWKDWGLS




1XPHURXV IUDFWXUHV ZHUH REVHUYHG GXULQJ WKH ORJJLQJ DQG
DQDO\VLVRIEHGURFNVDPSOHVLQVRPHSODFHVWKHIUDFWXUHGHQVLW\
H[FHHGHG  IUDFWXUHV SHU  OLQHDU IHHW RI ERUHKROH 9LVLEOH
IUDFWXUH DSHUWXUH UDQJHG ZLGHO\ IURP QR YLVLEOH DSHUWXUH WR
DSHUWXUHV H[FHHGLQJ  PP 7KH PDMRULW\ RI EHGURFN IUDFWXUHV
RFFXUVZLWKLQ WKH YDGRVH ]RQH DQG XSSHUPRVW VDWXUDWHG ]RQH DW
GHSWKVOHVVWKDQIHHWEHORZJUDGH6LJQLILFDQWIUDFWXULQJDERYH
IHHWLVSUHVHQWEXWRULHQWHGGDWDDERYHWKLVGHSWKFRXOGQRWEH
REWDLQHGGXH WR WKHPDJQHWLF LQIOXHQFHRIPHWDOOLFDERYHJURXQG
HTXLSPHQW 7KH IUDFWXUHV ZHUH JURXSHG LQWR WKUHH GLVWLQFW VHWV
7KH PRVW SUHYDOHQW IUDFWXUH VHW LV FRPSRVHG RI QRUWKVRXWK
WUHQGLQJ QHDUYHUWLFDO IUDFWXUHV $ VHFRQG VRPHZKDW OHVV
FRPPRQHDVWZHVW WUHQGLQJKLJKDQJOH IUDFWXUHVHWDQGD WKLUG
OHDVW SUHYDOHQW ORZDQJOH QRUWKZHVWVRXWKHDVW WUHQGLQJ IUDFWXUH
VHWWKDWSDUDOOHOVEHGGLQJRULHQWDWLRQ




RFFXUUHG ERWK ZLWKLQ LVRODWHG SHUPHDEOH EHGV DQG WKURXJK
LQWHUFRQQHFWHG IUDFWXUHV RI YDU\LQJ JHRPHWU\ DQG H[WHQW 7KH
VWURQJVLPLODULWLHVLQWKHGHSWKVZKHUHJDVROLQHEHDULQJIUDFWXUHV
RFFXU DVZHOO DV WKH FORVH FRUUHVSRQGHQFH RI WKHVH IUDFWXUHV WR
WKHZDWHUWDEOHLQWKHFHQWHURIWKHLQYHVWLJDWLRQDUHDGHPRQVWUDWH
WKH ORFDO DELOLW\ RI IUDFWXUHV WR VWRUH JDVROLQH DQG VXJJHVW WKDW
IUDFWXUHVDUH VHUYLQJDV ORFDOPLJUDWLRQSDWKZD\V1HDUYHUWLFDO
FURVVFXWWLQJ IUDFWXUHV DSSHDUHG WR IDFLOLWDWH K\GUDXOLF
LQWHUFRQQHFWLRQEHWZHHQWKHVHRWKHUZLVHLVRODWHGSHUPHDEOHEHGV
7KHVHIUDFWXUHVSHUPLWWHGWKHIXHOK\GURFDUERQVWRPLJUDWHYLDD
ODPLQDHIUDFWXUHODPLQDH VHTXHQFH DFURVV PRUH LPSHUPHDEOH
EHGGLQJ WKXV SURYLGLQJ WKH QHFHVVDU\ WUDQVSRUW PHFKDQLVP E\
ZKLFKWKHK\GURFDUERQVPLJUDWHG7KHVHILQGLQJVZHUHFRQVLVWHQW
ZLWKHVWLPDWHVRIK\GUDXOLFFRQGXFWLYLW\ZKLFKDOVRVXJJHVWWKDW






'LEEOHH 7:  *HRORJLF PDS RI WKH /RV $QJHOHV
TXDGUDQJOH /RV $QJHOHV &RXQW\ &DOLIRUQLD 'LEEOHH
*HRORJLFDO )RXQGDWLRQ 6DQWD %DUEDUD &DOLIRUQLD  VKHHW
VFDOH
/DPDU '/  *HRORJ\ RI WKH (O\VLDQ 3DUN5HSHWWR +LOOV
DUHD /RV $QJHOHV &RXQW\ &DOLIRUQLD &DOLIRUQLD 'LYLVLRQ RI




















$ E V W U D F W   %HWZHHQ  DQG  D 3URMHFW FDOOHG ³6WXG\ RI WKH *URXQGZDWHU 5HVRXUFHV RI $OHQWHMR 5HJLRQ´ (5+6$ LQ
SRUWXJXHVHZDVFDUULHGRQLQWKHUHJLRQRI$OHQWHMRVRXWKHUQSDUWRI3RUWXJDO6SHFLILFDOO\WKH8QLYHUVLW\RIeYRUDZDVLQFKDUJHRI










%HWZHHQ  DQG  D 3URMHFW FDOOHG ³6WXG\ RI WKH
*URXQGZDWHU 5HVRXUFHV RI $OHQWHMR 5HJLRQ´ (5+6$ LQ
SRUWXJXHVH ZDV FDUULHG RQ LQ WKH UHJLRQ RI $OHQWHMR VRXWKHUQ
SDUW RI 3RUWXJDO ILJ 7KLV 3URMHFW ZDV FRRUGLQDWHG DQG
ILQDQFHGE\WKH&RRUGLQDWLRQ&RPPLVVLRQRI$OHQWHMR5HJLRQD
JRYHUQPHQWDO UHJLRQDO RUJDQL]DWLRQ DQG ZDV H[HFXWHG E\ WKUHH
PRUHLQVWLWXWLRQV
6SHFLILFDOO\ WKH8QLYHUVLW\RIeYRUDZDVUHVSRQVLEOHE\ WKH
LQYHVWLJDWLRQ RQ DOPRVW DOO $OHQWHMR KDUG URFNV LJQHRXV DQG
PHWDPRUSKLFURFNVH[FHSWIRUWKHOLPHVWRQHPHWDPRUSKLFURFNV
0RUH WKDQ  ZDWHU SRLQWV ZHUH LQYHQWRULHG LQ DOO KDUG
URFN DTXLIHUV RI $OHQWHMR GXULQJ WKLV SHULRG0RVW RI WKHP DUH
ZHOOV RU ODUJH ZHOOV WKDW DUH XVHG EDVLFDOO\ IRU DJULFXOWXUH RU






UHJLRQ KDYH GRQH VLQFH WKH EHJLQLQJ RI LWV DFWLYLWLHV 7KLV
LQIRUPDWLRQ ZDV ODWHU FRQILUPHG E\ ILHOG GDWD WR HYHQWXDOO\
FRUUHFWRUFRQILUPVRPHVXVSLFLRXVRULJLQDOGDWDQDPHOO\UHODWHG
ZLWK\LHOGPHDVXUHPHQWVOLWRORJLFDOORJVHWF
,Q RUGHU WR FRPSDUH WKH GLIIHUHQW KDUG URFN OLWKRORJLHV LQ
WHUPVRIK\GURJHRORJLFDOSURGXFWLYLW\WKH\LHOGYDOXHVUHJLVWHUHG
RQ WKH UHSRUWV ZKHUH FRQVLGHUHG YHU\ LPSRUWDQW 7KHVH \LHOGV
ZHUHREWDLQHGE\SXPSLQJWHVWVXVLQJFRPSUHVVHGDLUGLUHFWHGWR
WKHERWWRPRI WKHZHOOZKLFKFDXVHV WKH WRWDOKHDGGUDZGRZQ
6R LW LV QRW D UHFRPPHQGHG H[SORUDWLRQ \LHOG EXW D YDOXH WKDW
FDQ EH FRPSDUHG ZLWK DQ\ RWKHU GDWD REWDLQHG E\ WKH VDPH
SURFHGXUH DQG PXVW EH VHHQ DV LQVWDQW \LHOG YDOXHV &DUYDOKR
0LUDDQG&KDPEHO,QWKLVFDVHRQO\WKHGDWDIURP







*HQHUDOO\ WKH KDUG URFN DTXLIHUV RI WKLV DUHD DUH FRQVLGHUHG RI
ORZSURGXFWLYLW\H[FHSWLRQPDGHIRUWKHFU\VWDOOLQHOLPHVWRQHV
0HWDPRUSKLF DQG LJQHRXV URFNV UHSUHVHQWPRVW RI WKH$OHQWHMR
DUHDZLWKRQO\DIHZPHWHUVRIZHDWKHUHGOD\HUVWRPGHHS
DQG D YHU\ LQFLSLHQW IUDFWXUH V\VWHP XQGHU WKHVH OD\HUV 0RUH
GHHSO\ WKH EHGURFN KDV RQO\ D YHU\ ODUJH QHW RI IUDFWXUHV ,Q
LJQHRXVURFNVWKHZHOOVKDYHJHQHUDOO\VRPHZDWHURQWKHILUVW
P GHHS DQG UDUHO\ RFFXU QHZ SURGXFWLYH OHYHOV XQGHU WKLV
GHHSQHVV,QPHWDVHGLPHQWDU\URFNVWKHSUREDELOLW\RIRFFXUUHQFH
RI QHZ GHHS SURGXFWLYH
OHYHOV LQFUHDVHV EHLQJ
HTXDOO\ SRVVLEOH WRJHWZDWHU
IRU LQVWDQFH RQ WKH ILUVW 
PRURQWKHIROORZLQJ
(YHQ VR DQ DTXLIHU ZLWK
VSHFLDO FKDUDFWHULVWLFV ZDV
DOUHDG\ NQRZQ LQ $OHQWHMR
ILJ WKH *DEEURV RI %HMD
$TXLIHU 3DUDGHOD DQG
=E\V]HZVNL  7KLV
ELEOLRJUDSK\ UHIHUV  WR 
P RI ZHDWKHUHG RU IUDFWXUHG
JDEEURGLRULWLF URFNV ZLWK
WKH JURXQGZDWHU IORZLQJ LQ
IUDFWXUHVWKDWDUHHQODUJHGE\
FKHPLFDO ZDWHU DWWDFN ,Q
 LQ WKLV DTXLIHU ODUJH
ZHOOVZLWKPD[LPXPRIP
GHHS PXFK RI WKHP ZLWK
JDOOHULHV LQ WKH ERWWRP DQG
RWKHUZHOOVZLWKPD[LPXPRI
 P GHHS ZHUH XVHG WR
DEVWUDFW JURXQGZDWHU IRU
KXPDQ VXSSO\ 7KH \LHOGV
FRXOG UHDFK  /V
H[FHSWLRQDOO\/VZLWKWKH
SURGXFWLRQFOHDUO\GHFUHDVLQJ




OHYHOV EHWZHHQ WKH  DQG  P %DVHG RQ  ZHOO ORJV WKH
DTXLIHUVKRZVDPHDQRIPRIWRSVRLOFOD\VDWRWDOZHDWKHUHG
OD\HURIPDQGDIUDFWXUHGGHHSQHVVWLOOP
'XULQJ WKH H[HFXWLRQ RI (5+6$ 3URMHFW WKH LQIRUPDWLRQV
KDGFRQILUPHGWKHH[LVWHQFHRIRWKHUDTXLIHUV\VWHPVZLWKVLPLODU
FKDUDFWHULVWLFV(5+6$2QHRIWKHPDLQFRQFOXVLRQVZDV
WKDW WKH JDEEURLF URFNV WKH JQHLVVHV WKH PLJPDWLWLF JQHLVVHV
VRPH YROFDQRVHGLPHQWDU\ DQG WRQDOLWLF URFNV ZHUH PRUH
SURGXFWLYHWKDQWKHUHPDLQOLWKRORJLHVRIWKHUHJLRQ
7KH K\GURORJLFDO VWXGLHV KDG GHWHFWHG WKUHH QHZ DTXLIHU
V\VWHPVILJQRZGHVLJQDWHGDV
 &DPSR 0DLRU DQG (OYDV &KDUQRTXLWHV JDEEURLF
PHWDPRUSKL]HG URFNV H[WUHPHO\ ZHDWKHUHG VHSDUDWHG LQ WZR
GLIIHUHQWVSRWV
3DYLD0RUDJQHLVVLFJUDQLWLFURFNV
 eYRUD0RQWHPRU&XED GLYLGHG LQ  VHFWRUV eYRUD















 6RXWK 3RUWXJXHVH =RQH PDLQO\ VFKLVWV JUH\ZDFNHV DQG
YROFDQRVHGLPHQWDU\FRPSOH[HV
7KH UHVXOWV VKRZ WKDW WKH PRVW SURGXFWLYH DTXLIHUV KDYH D
PHDQRI LQVWDQW\LHOGYDOXHVKLJKHU WKDQWR/VDQGPHGLDQ
YDOXHV VXSHULRUV XS WR  /V *DEEURV RI %HMD $TXLIHU DQG





KDYH PHDQ LQVWDQW \LHOG YDOXHV RI PRUH WKDQ  /V 2QO\ WKH
&XED6 &ULVWyYmR VHFWRU VHHPV WR KDYH ORZHU YDOXHV KRZHYHU
WKH H[WHQVLRQRI WKH DUHD WKH UHODWLYHO\ ODFNRI LQIRUPDWLRQDQG
WKH VLPLODU OLWKRORJLHVZLWKRWKHU VHFWRUV
KDG DOORZHG WR VXSSRVH LGHQWLFDO
K\GURJHRORJLFDOFKDUDFWHULVWLFV
7KH ORZ SURGXFWLYH VHFWRUV RI
$PLHLUD0RQWDOYmR 6 0DPHGH DQG RI
WKH *UDQLWHV RI 1LVD 3RUWDOHJUH DQG 6
(XOiOLD VKRZ PHDQ LQVWDQW YDOXHV OHVV
WKDQ  /V WKH ODVW RQH ZLWK RQO\ 
/V
7KH ORZSURGXFWLYH VHFWRUV RI2VVD
0RUHQD=RQHDQG6RXWK3RUWXJXHVH=RQH
GLVSOD\PHDQYDOXHVUHVSHFWLYHO\RI
DQG  /V ZKLFK PHDQ WKDW LQ WKHVH
VHFWRUV WKHUH DUH VRPH PRUH SURGXFWLYH
DUHDV
'LYLGLQJWKH\LHOGE\WKHGHHSQHVVRI
WKH ZHOOV WKH VDPH FRQFOXVLRQ LV
SRVVLEOH WKH eYRUD VHFWRU JQHLVVHV DQG
WRQDOLWHV DQG WKH *DEEURV RI %HMD
$TXLIHU KDYH FOHDUO\ KLJKHU
SURGXFWLYLWLHV PRUH WKDQ  /VP
GULOOHG ZKHQ FRPSDUHG ZLWK (VFRXUDO
9LGLJXHLUD6HOPHVDQG0RQWHPRUVHFWRUV
PRUHWKDQ/VPGULOOHG7KHRWKHU
VHFWRUV FRQVLGHUHG RI ORZ SURGXFWLYLW\




7KH VWXG\ DOORZHG WR FRQILUP VRPH
SUHYLRXV DTXLIHU LQIRUPDWLRQV QDPHO\
UHJDUGLQJ WKH *DEEURV RI %HMD $TXLIHU
DQG WR GHWHFW QHZ SURGXFWLYH RU











EXLOW RQ JDEEURV JQHLVVLF RU JQHLVVLF
PLJPDWLWLFURFNVPHWDPRUSKLFYROFDQLF




&DUYDOKR -  7KH LPSRXQGLQJ JURXQGZDWHU SURMHFW LQ
FULVWDOLQHIRUPDWLRQVVRPHFOXHVLQSRUWXJXHVH8QLYHUVLW\RI
eYRUDeYRUD
'XTXH -  +\GURJHRORJLFDO FKDUDFWHUL]DWLRQ DQG
PDWKHPDWLFDO PRGHOOLQJ RI WKH *DEEURV RI %HMD DTXLIHU LQ
SRUWXJXHVH0DVWHU7KHVLV8QLYHUVLW\RI/LVERQ/LVERQ
SS
(5+6$  3URMHFW ³6WXG\ RI JURXQGZDWHU UHVRXUFHV RI
$OHQWHMR UHJLRQ (5+6$ LQ SRUWXJXHVH &RRUGLQDWLRQ
&RPPLVVLRQRI$OHQWHMR5HJLRQeYRUD
0LUD)&KDPEHO$3URGXFWLYLW\RIKDUGURFNDTXLIHUVLQ
$OHQWHMR UHJLRQ 6RXWK 3RUWXJDO ,Q 6HLOHU :RKQOLFK HGV
3URFHHGLQJV RI WKH ;;;, ,$+ &RQJUHVV 1HZ $SSURDFKHV
&KDUDFWHUL]LQJ *URXQGZDWHU )ORZ %DONHPD /LVVH +RODQG

3DUDGHOD 3 =E\V]HZVNL* *HQHUDO K\GURJHRORJ\ RI WKH
FHQWUHDQGVRXWKRI3RUWXJDOLQSRUWXJXHVH*XLGH%RRNRIWKH
H[FXUVLRQ Q  RI WKH , +LVSDQR/XVR$PHULFDQ &RQJUHVV RI















$ E V W U D F W   ,QRUGHUWRYHULI\WKHVXLWDELOLW\RIWKHJHRSK\VLFDOPHWKRG9HU\/RZ)UHTXHQF\9/)(0DQGDWWKHVDPHWLPHILQG
JURXQGZDWHUWRVXSSO\DODUJHIDUPFDOOHG+HUGDGHGD$SDULoDDVXUYH\KDYLQJXVHGWKH$%(0:$',HTXLSPHQWZDVFDUULHGRXW
LQ SRUSK\ULF URFNV RI WKH QRUWKHUQ SDUW RI %HMD 6RXWK 3RUWXJDO 7KH ILHOG ZRUNV RFFXUUHG LQ WKUHH DUHDV SUHYLRXVO\ GHILQHG E\
LQWHUSUHWDWLRQ RI DHULDO SKRWRJUDSK\7KHPHDVXUHPHQWZDV UHDOLVHG LQ  SURILOHVZLWK PZLGWK7KH JHRSK\VLFDO VXUYH\ DQG










DV D ZD\ WR ILQG JURXQGZDWHU XQGHU GLIILFXOW K\GURJHRORJLF
FRQGLWLRQV0LOVRP
7KH SRUSK\ULF URFNV RFFXUULQJ LQ WKH QRUWKHUQ SDUW RI %HMD
FLW\ DUH WKH PRVW XQSURGXFWLYH UHJLRQDO DTXLIHU 7KH
HOHFWURPDJQHWLF PHWKRG 9/)(0 9HU\ /RZ )UHTXHQF\ 
(OHFWURPDJQHWLF 0HWKRG LV YHU\ KHOSIXO WR LGHQWLI\ IUDFWXUHG
GHHS VWUXFWXUHV LQ KDUGURFN DTXLIHUV ,Q RUGHU WR YHULI\ WKH
VXLWDELOLW\ RI WKLV JHRSK\VLFDOPHWKRG DQG DW WKH VDPH WLPH WR
ILQG JURXQGZDWHU WR VXSSO\ D ODUJH IDUP FDOOHG +HUGDGH GD
$SDULoDDVXUYH\ZDVFDUULHGRXWXVLQJWKLVPHWKRGRI9HU\/RZ
)UHTXHQF\ 9/)(0ZLWK$%(0 :$', HTXLSPHQW LQ WKUHH
ODUJH DUHDV SUHYLRXVO\ GHILQHG E\ LQWHUSUHWDWLRQ RI DHULDO
SKRWRJUDSK\ 7KLV DUHDV ZHUH FODVVLILHG DV ]RQHV ZKLFK KDYH
UHODWLYHK\GURJHRORJLFDOSRWHQWLDO7KHPHDVXUHPHQWZDVUHDOLVHG
LQSURILOHVZLWKPZLGWK






LJQHRXV 3UHFDPEULDQ DQG 3DODHR]RLF URFNV DIIHFWHG E\ WKH




7KLV VWUXFWXUH LV VXUURXQGHG E\ GLRULWHV QRUWK DQG JDEEURV
VRXWK *HRORJLFDOO\ WKHVH IRUPDWLRQV DUH FDOOHG DV ,JQHRXV
&RPSOH[RI%HMD,&%)LJ
7KLV DUHD LV SODFHG LQ D YHU\ IODW DUHD 7KH UHJLRQ LV
LQIOXHQFHGE\ WKH0HGLWHUUDQHDQFOLPDWHZLWKKLJK WHPSHUDWXUH
UDQJHV KLJK WHPSHUDWXUHV LQ 6XPPHU DQG D YHU\ GU\ SHULRG
EHWZHHQ-XQHDQG6HSWHPEHUDQGLVDOVRFRQVLGHUHGDVDVHPL
DULG UHJLRQ ZLWK PDQ\ GHVHUWLILFDWLRQ SUREOHPV 7KH UHJLRQDO




$OHQWHMR UHJLRQ ± 6RXWK 3RUWXJDO DUH WKH PRVW XQSURGXFWLYH
UHJLRQDO DTXLIHU LQ WKH DUHD 7KHVH URFNV EHORQJV WR WKH PRVW
XQSURGXFWLYH UHJLRQDO DTXLIHU &KDPEHO DQG 'XTXH 
5HFHQWO\&KDPEHOHWDOFODVVLILHGWKLVURFNVLQWRWKH2VVD





WR ILQG JURXQGZDWHU LV H[WUHPHO\ ORZ ,W LV D YHU\ VXSHUILFLDO
DTXLIHU WKDW XVXDOO\ DFFRPSOLVK WKH WRSRJUDSKLF VXUIDFH DQG LV
H[WUHPHO\ GHSHQGHQW RI WKHPDLQ VRXUFH RI UHFKDUJH WKH DQQXDO







































FRQGXFWLYH ERGLHV LQ WKH JURXQG ZKHQ VWURNHG E\ D
HOHFWURPDJQHWLF SULPDU\ ILHOG 7KLV ORZ IUHTXHQF\ ILHOG LV VHQW
RXW IURP D PLOLWDU\ UDGLR WUDQVPLWWHU ZRUNLQJ JHQHUDOO\ LQ WKH
IUHTXHQFLHVEHWZHHQDQGN+] ,Q WKH+HUGDGHGD$SDULoD
ZHZRUNHGZLWKN+] IUHTXHQF\ZLWKPHDVXUHPHQWVHDFK
P)RXU JURXSV RI 9/) SURILOHV ZHUH SHUIRUPHG LQ SUHYLRXVO\
GHILQHG SODFHV 7KH\ DUH PDUNHG DV JULG 3 3 3 DQG 3
)LJ7KHLUORFDWLRQZDVFKRVHQZLWKWKHSXUSRVHRIFRQILUPLQJ


















































:  ± 
:  ± 
:  ±DQG± 
:   





















7KH JHRSK\VLF SURVSHFWLQJ DQG K\GURJHRORJLF UHVHDUFK DOORZHG
WR GULOO  ERUHKROHV EHLQJ  H[WUDFWLRQZHOOV DQG  SLH]RPHWULF
ZHOO7KH\LHOGSURGXFWLYLW\RIWKHDEVWUDFWLRQZHOOVDUHEHWZHHQ
 /K DQG  /K ZKLFK LV DOPRVW KLJKHU WKDQ WKH
UHJLRQDOPHDQ ,W V D YHU\ JRRG \LHOGZKHQ FRPSDUHGZLWK WKH
RWKHU\LHOGYDOXHVJHWIURPZHOOVLQVLGHWKLVDTXLIHU
,Q WKH+HUGDGHGD$SDULoD WKH9/)(0SURYHG WKDW LQKDUG
URFNPHGLDSRUSK\ULHVZRUNVZHOODQGVHHPVWREHDXVHIXOWRRO
WR LQFUHPHQW WKH WD[ VXFFHVV RI GULOOLQJ ZHOOV +RZHYHU LW EXW
PXVWEHXVHGFDUHIXOO\GXHWRWKHPXOWLWXGHRIDQVZHUVWKDWFDQ
EHDFKLHYHGWKHVSHFLDOLVWVPXVWNQRZYHU\ZHOOWKHJHRORJ\DQG










&KDPEHO $ 'XTXH -  +DUG URFN DTXLIHUV RI $OHQWHMR
UHJLRQ6RXWK3RUWXJDO&RQWULEXWLRQWRWKHZDWHUDQGODQGXVH
PDQDJHPHQW ,Q )HQGHN 0 )HQGHNRYi 0HGV 3URF ;;,;
,QWHUQDWLRQDO $VVRFLDWLRQ RI +\GURJHRORJLVWV ±+\GURJHRORJ\
DQGODQGXVHPDQDJHPHQW
0LOVRQ -  )LHOG JHRSK\VLFV -RKQ :LOH\ 	 6RQV 1HZ
<RUNSS
&KDPEHO $ 'XTXH - 1DVFLPHQWR -  +DUG URFN
K\GURJHRORJ\ RI WKH $OHQWHMR 5HJLRQ 6RXWK 3RUWXJDO 1HZ




























7KH GHYHORSPHQW RI JURXQGZDWHU UHVRXUFHV KDV EHHQ D PDMRU
IRFXVRISDVWDQGSUHVHQWJRYHUQPHQWVLQ1LJHULD'HVSLWHWKLVD
ORW RI FRPPXQLWLHV HVSHFLDOO\ WKH UXUDO SRSXODWLRQ DUH \HW WR
EHQHILW 7KH SUHVHQW ZRUN LV WKHUHIRUH WR KLJKOLJKW VRPH UHFHQW
UHVXOWV RQ VWXGLHV RI JURXQGZDWHU GHYHORSPHQW LQ SDUWV RI
3UHFDPEULDQ 2EDQ PDVVLI 7KH GDWD IRFXVHV RQ DTXLIHU
GHOLQHDWLRQ FKDUDFWHULVWLFV DQG ZDWHU TXDOLW\ XVLQJ VXUIDFH
UHVLVWLYLW\PHWKRG
7KH2EDQPDVVLILVVLWXDWHGLQVRXWKHDVWHUQFRUQHURI1LJHULD






7KH VWXG\ LQYROYHG ILHOG PDSSLQJ JHRHOHFWULFDO PHDVXUHPHQWV
DQG ZDWHU DQDO\VHV 'XULQJ WKH JHRHOHFWULFDO VXUYH\ YHUWLFDO
HOHFWULFDO VRXQGLQJV 9(6 XVLQJ WKH VFKOXPEHUJHU DUUD\ ZHUH
PDGH LQ  FRPPXQLWLHV )LJ 7KH FRQYHQWLRQDO FXUYH
PDWFKLQJ DQG XVH RI DX[LOODU\ SRLQW GLDJUDPV =RKG\  LQ
DGGLWLRQ WR FRPSXWHU IRUZDUG PRGHOOLQJ ZHUH XVHG WR LQWHUSUHW
WKH GDWD*URXQGZDWHU VDPSOHVZHUH DOVR FROOHFWHG IRU DQDO\VHV
DIWHUGULOOLQJDQGIURPH[LVWLQJERUHKROHVDQGZHOOV7HPSHUDWXUH
FRQGXFWLYLW\ WRWDO GLVVROYHG VROLGV S+ DQG GLVVROYHG R[\JHQ
ZHUHPHDVXUHG LQ WKH ILHOG 7KHPDMRU FDWLRQV DQG DQLRQVZHUH





5HVXOWV RI YHUWLFDO HOHFWULFDO VRXQGLQJ LQGLFDWH WZR PDLQ
DTXLIHURXVOD\HUV7KHVHLQFOXGHDQXSSHUDTXLIHURXVOD\HUDQGD




RI KLJKO\ ZHDWKHUHG WKURXJK PRGHUDWHO\ ZHDWKHUHG WR VOLJKWO\
ZHDWKHUHGPDWHULDOV7KHPDWHULDOVRIWKHXSSHUOD\HUDUHPRVWO\
VLOW\FOD\H\ODWHULWLFPDWHULDOVDWWKHWRSDQGVDQG\DQGJUDYHOO\
PDWHULDOV DW WKH ERWWRP ZKLFK IRUPV WKH ERXQGDU\ ZLWK WKH
EHGURFN
7KHORZHUOD\HULVWKHEHGURFNZLWKDSSDUHQWUHVLVWLYLW\LQWKH
UDQJH  WR   RKP P PHDQ a  RKP P 7DE
/RZHUYDOXHVWRRKPPLQGLFDWHVOLJKWO\ZHDWKHUHG







UHODWLRQ EHWZHHQ VSHFLILF FDSDFLW\
DQG DSSDUHQW UHVLVWLYLW\ RQ RQH
KDQGDQGEHWZHHQVSHFLILFFDSDFLW\
DQG WUDQVPLVVLYLW\ RQ WKH RWKHU
7KH UHODWLRQVKLSV DUH RI WKH IRUP
6&   5   (GHW DQG
2NHUHNH LQ SUHVVZKHUH6& LV WKH
VSHFLILF FDSDFLW\ LQ PñGP DQG 5
WKH DSSDUHQW UHVLVWLYLW\ LQ RKPP
7KH WUDQVPLVVLYLW\ LVJLYHQE\7 
<'DUNR	.UDVQ\
 ZKHUH 7 LV WKH
WUDQVPLVVLYLW\ LQ PðGD\ DQG <
WUDQVPLVVLYLW\ LQGH[ H[SUHVVHG DV
<   ORJ & ZKHUH & LV WKH
VSHFLILF FDSDFLW\ LQ PñGP 7KH







 IRU WKH GLIIHUHQW OD\HUV 7KH JURXQGZDWHUV LQ ERWK OD\HUV DUH
DFLGLFS+VRIW7+PJ/DQGIUHVK7'6
PJ/ 3RVLWLYH FRUUHODWLRQ DW  FRQILGHQFH OLPLW S 
VKRZ JRRG FRUUHODWLRQ EHWZHHQ UD DQG 7'6 U    S  
UDDQG WRWDOKDUGQHVVU S DQGUDDQG
VRGLXP DGVRUSWLRQ UDWLR 6$5 U    S    7KLV
LQGLFDWHVWKDWWKHTXDOLW\RIJURXQGZDWHUFDQEHLQIHUUHGIURPWKH
YDOXHVRI DSSDUHQW UHVLVWLYLW\ 3RVLWLYHFRUUHODWLRQEHWZHHQ7'6










7KH GHYHORSPHQW RI JURXQGZDWHU UHVRXUFHV LQ VXFK D EDVHPHQW
WHUUDLQ ZLOO GHSHQG RQ WKH SURSHU GHILQLWLRQ RI WKH DTXLIHURXV
OD\HUVHVWLPDWLRQRIDTXLIHUSDUDPHWHUVDQGSUHGLFWLRQRIZDWHU
TXDOLW\ ,Q WKHDUHDHOHFWULFDO UHVLVWLYLW\KDVPDGH WKHIROORZLQJ
SRVVLEOH D ,GHQWLILFDWLRQRI WZRPDLQDTXLIHURXV OD\HUV7KHVH
LQFOXGHDQXSSHUKLJKO\ WR VOLJKWO\ZHDWKHUHG OD\HUDQGD ORZHU
VOLJKWO\ZHDWKHUHGWRIUDFWXUHGEHGURFNE(VWLPDWLRQRIVSHFLILF
FDSDFLW\DQGWUDQVPLVVLYLW\DQGF,QIHUHQFHRQWKHZDWHUTXDOLW\
EDVHGRQ WKH UHODWLRQVKLSEHWZHHQDSSDUHQW UHVLVWLYLW\DQG7'6
KDUGQHVV DQG6$57KXV IURP WKH DERYH DTXLIHU UHVLVWLYLW\ FDQ
EH XVHG DV D JRRG SUHGLFWRU RI WKH W\SH RI DTXLIHU WKH
FKDUDFWHULVWLFV DQGZDWHU TXDOLW\+HQFH IRU IXWXUH JURXQGZDWHU





7KLV VWXG\ GHVFULEHV WKH DSSOLFDWLRQRI VXUIDFH UHVLVWLYLW\ LQ WKH
VHDUFK IRU JURXQGZDWHU LQ D W\SLFDO 3UHFDPEULDQ EDVHPHQW URFN
WHUUDLQ 7KH PHWKRG JLYHV D JRRG SUHOXGH RQ WKH W\SH DQG
FKDUDFWHULVWLFV RI WKH DTXLIHURXV OD\HUV DQG WKH TXDOLW\ RI
JURXQGZDWHU 7KHUHIRUH VXUIDFH UHVLVWLYLW\ PHWKRG VKRXOG EH





'DUNR 3. .UiVQ\ -  $GHTXDWH GHSWK RI ERUHKROHV LQ
KDUGURFNV $ FDVH VWXG\ LQ *KDQD ,Q 6LOLOR HW DO HGV
*URXQGZDWHU3DVW$FKLHYHPHQWV DQG)XWXUH FKDOOHQJHV$$
%DONHPD5RWWHUGDP
'HXWVFK :-  *URXQGZDWHU JHRFKHPLVWU\ IXQGDPHQWDOV
DQGDSSOLFDWLRQVWRFRQWDPLQDWLRQV/HZLV3XEOLFDWLRQSS
(GHW $( 2NHUHNH &6 ,Q SUHVV +\GURJHRORJLFDO DQG
K\GURFKHPLFDO FKDUDFWHU RI WKH UHJROLWK DTXLIHU QRUWKHUQ
2EXGXSODWHDX6(1LJHULD+\GURJHRORJ\-RXUQDO
=RKG\ $$5  7KH DX[LOLDU\ SRLQW PHWKRG RI HOHFWULFDO






/D\HU 6WDWLVWLFV $SSDUHQW 7KLFNQHVV %RUHKROH 'HSWKWR 6DWXUDWHG 6SHFLILF 7UDQVPLVVLYLW\
UHVLVWLYLW\ ZHOOGHSWK ZDWHUOHYHO WKLFNQHVV FDSDFLW\
RKPP P P P P PñGP PðG
0D[       
:HDWKHUHG 0LQ       
0HDQ       
0D[      
%HGURFN 0LQ      
0HDQ      
7DEOH6XPPDU\RIFKHPLFDOGDWDIRUWKHDTXLIHURXVOD\HUVLQ2EDQPDVVLI
/D\HU 8QLWV :HDWKHUHG %HGURFN :+2
0D[ 0LQ 0HDQ 0D[ 0LQ 0HDQ
7HPS &      
7'6 PJO       
S+       
7+       
&D PJO       
0J PJO       
1D PJO       
. PJO       
&O PJO       
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 PJO 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$ E V W U D F W   7KHDXWKRUIRUDQDO\]LQJVLQJOHZHOOSURGXFWLRQWHVWGDWDXQGHUYDULDEOHGLVFKDUJHUDWHFRQGLWLRQVKDVGHYHORSHGWKH
IUDFWDO VSHFLILFFDSDFLW\DSSURDFK3XPSLQJ WHVWGDWD IURPZHOOVGULOOHG LQD W\SLFDOKHWHURJHQHRXVIUDFWXUHGDQGRUNDUVWLFPHGLXP
XVXDOO\SUHVHQWDPRQJRWKHU WKLQJVGLVFKDUJHUDWHYDULDWLRQV6XFKYDULDWLRQVDIIHFW WLPHGUDZGRZQDQGWLPHUHFRYHU\FXUYHV WKXV
FRPSOLFDWLQJ WKH ZHOO WHVW DQDO\VLV E\ FRQYHQWLRQDOPHWKRGV ZKLFK DUH RQO\ YDOLG IRU FRQVWDQW GLVFKDUJH FRQGLWLRQV 8QGHU ILHOG
FRQGLWLRQVWKHZHOOVSHFLILFFDSDFLW\ \ 4 V 4 VW W W W    YHUVXVGUDZGRZQFXUYHPD\EHDSSUR[LPDWHGE\DSRZHUODZRIWKH
W\SH \ 4 V \ 4 VW W W
'     #  ZKHUH4LVDXQLIRUPIUDFWDOGLVFKDUJHDQG'DIUDFWDOIORZGLPHQVLRQ7KHIORZGLPHQVLRQDQG
HTXLYDOHQWXQLIRUPIUDFWDOIORZFRQFHSWVDUHEDVLFWRROVIRUIUDFWXUHGPHGLDSDUDPHWHUHYDOXDWLRQDQGLQWKDWUHVSHFWWKH\DUHVXSSRVHG
WREHWKHSDSHU¶VPDLQFRQWULEXWLRQWRZHOOK\GUDXOLFVLQILVVXUHGURFNV
3DUDPHWHU LGHQWLILFDWLRQ WKURXJK WKH SURSRVHG PHWKRG LV RQO\ SURYLGHG LQ WKH SXPSHG ZHOO IRU K\GUDXOLF WUDQVPLVVLYH
SDUDPHWHUVIUDFWXUHWUDQVPLVVLYLW\DQGIUDFWXUHDSHUWXUHK\GUDXOLFFRQGXFWLYLW\DQGSHUPHDELOLW\DQGVWRUDJHSDUDPHWHUVSRURVLW\
IRU WKH K\GUDXOLF FRQGXFWRU QDPHO\ IRU WKH ZHOOEORFNIUDFWXUH V\VWHP 3K\VLFDO SURSHUWLHV IRU GLIIXVLRQ DQG HODVWLF UHVSRQVH
GLIIXVLYLW\DQGVWRUDJHFRHIILFLHQWVDVZHOODVIRUGHOD\HG\LHOGIURPWKHZHDWKHUHG]RQHWRWKHORZHUIUDFWXUHGURFNGRPDLQPD\RQO\
EHHYDOXDWHGE\XVLQJDIORZPRGHOLQWKHU]SODQH7KLVFDQEHGRQHWKURXJK%RXOWRQDQG6WUHOWVRYDEORFNIUDFWXUHPRGHO
E\UHSODFLQJWKHVSHFLILFGUDZGRZQ V 4 IRUWKHLQYHUVHRIWKHIUDFWDOVSHFLILFFDSDFLW\ \ 
7KHPRGHOKDVEHHQDSSOLHGIRUDQDO\]LQJGUDZGRZQFXUYHVDQGUHFRYHU\FXUYHVIURPSXPSLQJWHVWVSHUIRUPHGLQ
ZHOOV GLVWULEXWHG RYHU VHYHUDO JURXQGZDWHU %UD]LOLDQ VXE SURYLQFHV DQG LQ WZR RFHDQLF LVODQGV QDPHO\ )HUQDQGR GH 1RURQKD LQ
3HUQDPEXFR DQG 5RDWiQ LQ +RQGXUDV 7KH DXWKRU LQ NDUVWLF DQG ILVVXUHG PHGLD REWDLQHG SUHOLPLQDU\ HVWLPDWLRQV RI K\GUDXOLF
SURSHUWLHV7KHRUGHURIPDJQLWXGHIRUIUDFWXUHDSHUWXUHVLVLQDJUHHPHQWZLWKVWXGLHVFDUULHGRXWLQ*HUPDQ\LQDKLJKO\SHUPHDEOH







,Q WKH VHPL DULG UHJLRQ RI QRUWKHDVWHUQ %UD]LO 3UHFDPEULDQ




IURP  P ZLWK PHGLDQ GLVFKDUJH RI DERXW  PK (YHQ
WKRXJK JHRSK\VLFDO PHWKRGV KDYH EHHQ LQWURGXFHG LQ ZHOO
ORFDWLRQ WKHRXWFRPHRI WKHGULOOLQJV LVRYHURIGU\ZHOOV






DQG KRPRJHQHRXV K\GUDXOLF SURSHUWLHV 7KHVH ODVW SURSHUWLHV LQ
SDUWLFXODU PD\ EH GHILQHG IRU D FRQWLQXRXV SRURXV PHGLXP
WKURXJK WKH 5(9 UHSUHVHQWDWLYH HOHPHQWDU\ YROXPH FRQFHSW
%HDU
,QUHJDUGWRKDUGURFNVWKHDELOLW\WRVWRUHDQGWUDQVPLWZDWHU
LV OLQNHG PDLQO\ WR IUDFWXUHV WKDW UHSUHVHQW LQ UHODWLRQ WR WKH
RULJLQDO SRURXV PDWUL[ D VHFRQGDU\ GLVFRQWLQXRXV SRURXV RU
IUDFWXUHG V\VWHP RI FKDQQHOV 7KH JHQHUDOL]DWLRQ RI WKH
FRQWLQXXPDSSUR[LPDWLRQ LQ WKLV FDVH LV RSHQ WRTXHVWLRQJLYHQ
WKDW WKH FLUFXPVWDQFHVPD\ UHTXLUH KXJH YROXPHV RI JHRORJLFDO
IRUPDWLRQ LQ RUGHU WR REWDLQ VWDEOH YDOXHV RI WKH GRPDLQ
SURSHUWLHV *XHULQ DQG %LOODX[  SURSRVH D FRQQHFWLYLW\
LQGH[ WRHYDOXDWH IRUDJLYHQVL]H WKHYDOLGLW\RI WKHFRQWLQXRXV
FRQFHSWIRUIORZE\XVLQJVWDWLVWLFDOSURSHUWLHVRIDIUDFWXUHILHOG
*XVWDIVRQDQG.UDVQ\SRLQWHGRXWVLJQLILFDQWGLIIHUHQFHV
EHWZHHQ JUDQXODU SRURXV PHGLD DQG IUDFWXUHG PHGLD DQG
VXJJHVWHGWKHGHQRPLQDWLRQRIK\GUDXOLFFRQGXFWRUWRUHSODFHWKH
WHUPDTXLIHULQIUDFWXUHGIRUPDWLRQV
,Q WKH SUHVHQW DSSURDFK WKH K\GUDXOLF FRQGXFWRU FRQFHSW
DSSOLHVIRUWKHVHW^ERUHKROHLQWHUFRQQHFWHGIUDFWXUHVEORFNV
ZHDWKHUHGFRYHU`IRUPHGE\WKHERUHKROHWKHEORFNVGHOLPLWHG
E\ IUDFWXUHV GLUHFWO\ RU LQGLUHFWO\ FRQQHFWHG WR WKH SURGXFWLRQ
ZHOO DQG WKH IUDFWXUH FRQGXLWV WKURXJKZKLFKZDWHU UHDFKHV WKH
ZHOO6RWKHSDUDPHWHUVHYDOXDWHGIURPDVLQJOHZHOOSURGXFWLRQ
WHVW VXFKDV WUDQVPLVVLYLW\K\GUDXOLFFRQGXFWLYLW\SHUPHDELOLW\
SRURVLW\ DQGPHDQ IUDFWXUHDSHUWXUHDUHDVVHVVHG WRFKDUDFWHUL]H
WKH K\GUDXOLF FRQGXFWRU 7KH K\GUDXOLF FRQGXFWRU LV D UDQGRP
VDPSOHSRLQWRI WKHKDUG URFN UHJLRQDO³ILVVXUHDTXLIHU´DQG WKH
VLJQLILFDQFHRIWKHVHSK\VLFDOSURSHUWLHVPXVWEHUHVWULFWHGWRWKH
ZHOO SRLQW LWVHOI 0RUH H[SOLFLWO\ LW LV DVVXPHG WKDW D ZHOO RI
GHSWK ] GULOOHG LQ D SRVLWLRQ [\ RI D VSDFH RFFXSLHG E\
IUDFWXUHGURFNVJHQHUDWHVDUDQGRPK\GUDXOLFFRQGXFWRU,QFDVH
WKH SRURXVPDWUL[ RI WKH EORFNV LV QRW VXSSRVHG QHJOLJLEOH WKH







LQ VWHSGUDZGRZQ WHVWV VLQFH WKLV LV DQ LPSRUWDQW FRQVLGHUDWLRQ
GXULQJ WKH GDWD DQDO\VLV +RZHYHU DV REVHUYHG LQ QXPHURXV
VLQJOHZHOOSURGXFWLRQWHVWVFDUULHGRXWLQ3UHFDPEULDQIUDFWXUHG
URFNV LQ QRUWKHDVWHUQ%UD]LO QRPDWWHU WKH HIIRUWV WR SUHVHUYH D
FRQVWDQW GLVFKDUJH WKH SXPSLQJ UDWH W\SLFDOO\ GHFUHDVHV ZLWK
WLPH$VDPDWWHURI IDFWZDWHUZHOOV LQ WKH3UHFDPEULDQ UHJLRQ
JHQHUDOO\ WHQG WRGU\RXWGXULQJ ORQJGURXJKWV7KLVEHKDYLRU LV
LQWHUSUHWHG DV HYLGHQFH WKDW WKH K\GUDXOLF FRQGXFWRU¶V YROXPH
UHVHUYRLULVILQLWHLQQDWXUH%XWJLYHQWKHFLUFXPVWDQFHVDWWHQWLRQ
ZDV FDOOHG IRU WKH QHFHVVLW\ RI HYDOXDWLQJ WKH EHKDYLRU RI WKH
K\GUDXOLFFRQGXFWRUXQGHUDXQLIRUPIORZUHJLPH7KHVHDUFKIRU
D FRQVWDQW GLVFKDUJH UDWH GXULQJ WHVW GDWD DQDO\VLV OHDGV WR D












VXFFHVVLYHO\   L GLYLGHGZLWKDVFDOLQJIDFWRU LU &LVD
FRQVWDQWRISURSRUWLRQDOLW\DQG'LVWKHIUDFWDOGLPHQVLRQ
&RQVLGHU D VLQJOH ZHOO SURGXFWLRQ WHVW SHUIRUPHG ZLWK
YDULDEOHGLVFKDUJH UDWH  L4 W  LQD UDQGRPK\GUDXOLFFRQGXFWRU
'XULQJ WKH H[SHULPHQW RI GXUDWLRQ WE D VHULHV RI GLVFUHWH
PHDVXUHPHQWV RI GLVFKDUJH UDWH 4LW DQG RI GUDZGRZQ VLW LV










LVD WHPSRUDOGLVFUHWH IXQFWLRQ     L L L\ 4 W V W RI WZRYDULDEOHV











ZKHUH L\  LV D IUDFWDO VSHFLILF FDSDFLW\ >/ð7@
4 LV D IUDFWDO
FRQVWDQW GLVFKDUJH >  @'/ 7    'L LV V LV D IUDFWDO GUDZGRZQ
> @'/ DQG'LVWKHIUDFWDOGLPHQVLRQ
6LQFHE\K\SRWKHVLVHTXDWLRQDSSUR[LPDWHVHTXDWLRQ
FRPSDULVRQ RI HTXDWLRQV  DQG  OHDG WR WKH FRQFOXVLRQ WKDW







7KH WHQGHQF\ RI GLVFKDUJH UDWH GHFD\ WKDW LV REVHUYHG LQ PRVW
VLQJOHZHOOSXPSLQJWHVWVLQIUDFWXUHGURFNVHYHQIRUSURGXFWLRQ
WHVWVRI VKRUWGXUDWLRQ VHHPV WREHFRQVLVWHQWZLWK WKH LGHDRID
K\GUDXOLF FRQGXFWRU RI ILQLWH YROXPH UHVHUYRLU $V ORQJ DV WKH
K\GUDXOLF FRQGXFWRU LV DVVXPHG WR EH D UDQGRP VDPSOH RI WKH
UHJLRQDO IUDFWXUHG DTXLIHU WKHQ LW LV SRVVLEOH WR GHILQH D IUDFWDO
VSHFLILFFDSDFLW\IRUZKLFKWKHZHOOGLVFKDUJHLVFRQVWDQW
$V IDU DV SDUDPHWHU HYDOXDWLRQ LQ IUDFWXUHG URFNV LV
FRQFHUQHG%RXOWRQDQG6WUHOWVRYDPHWKRGZDVXVHGIRUHVWLPDWHV






%HDU - '\QDPLFVRI)OXLGV LQ3RURXV0HGLD1HZ<RUN
(OVHYLHU
%RXOWRQ16 6WUHOWVRYD 7' 8QVWHDG\ IORZ WR D SXPSHG
ZHOO LQ D ILVVXUHG ZDWHUEHDULQJ IRUPDWLRQ - +\GURO 

*XVWDIVRQ * .UiVQ\ -  &U\VWDOOLQH URFN DTXLIHUV WKHLU
RFFXUUHQFH XVH DQG LPSRUWDQFH $SSOLHG +\GURJHRORJ\

*XHULQ )30 %LOODX[ '0  2Q WKH UHODWLRQVKLS EHWZHHQ
FRQQHFWLYLW\DQGWKHFRQWLQXXPDSSUR[LPDWLRQLQIUDFWXUHIORZ
DQG WUDQVSRUWPRGHOLQJ ,Q&21* ,17$66+<'52*(2/
2VOR0HPRLUHV2VOR,$+S
+LPPHOVEDFK7+RW]O+0DORV]HZVNL3)RUFHGJUDGLHQW
WUDFHU WHVWV LQ D KLJKO\ SHUPHDEOH IDXOW ]RQH $SSOLHG
K\GURJHRORJ\
3HLWJHQ +2 -XUJHQV + 6DXSH '  )UDFWDOV IRU WKH

























$ E V W U D F W   $WUDFHUEDVHGIORZORJWHFKQLTXHVXLWDEOHIRUYHU\ORZIORZYHORFLWLHVGRZQWRÂPVLQWKHGULOOLQJZKLFKVXU
SDVVWKHVHQVLWLYLW\RIFRQYHQWLRQDOIORZPHWHUVKDVEHHQGHYHORSHGDQGWHVWHGLQWKHSLORWERUHKROHRIWKH.7%*HUPDQ\.7%9%
7KHPRYHPHQWRIDSURQRXQFHGVDOLQLW\JUDGLHQWLVPRQLWRUHGGXULQJDQRQVWHDG\VWDWHORZSUHVVXUHLQMHFWLRQXVLQJUHVLVWLYLW\PHDV










&RQYHQWLRQDO IORZORJ WHFKQLTXHV XVLQJ LPSHOOHU RU VSLQQHU
IORZPHWHUVUHTXLUHKLJKIORZUDWHVW\SLFDOO\/PLQ0RO]HW
DO.H\VDQG6XOOLYDQZKLFKDUHGLIILFXOWWREHUHDO





LQ D ERUHKROH UHVLVWLYLW\PHDVXUHPHQWV GXULQJ D VORZ LQMHFWLRQ
SURFHVV RIIHU DQ HIILFLHQW DOWHUQDWLYH 7KLV FRPELQHV WKH DGYDQ
WDJHVRIORZWHFKQLFDOH[SHQVHDQGQHJOHFWDEOHGLVWXUEDQFHRIWKH
LQYHVWLJDWHGDTXLIHU
$ VORZ LQMHFWLRQ SURFHVV P LQ GZDV FDUULHG RXW E\
VLPSO\ILOOLQJXSWKHERUHKROHPDLQWDLQLQJDSHUPDQHQWRYHUIORZ
FRQGLWLRQ 7KLV SURYLGHV D ZHOO GHILQHG XSSHU ERXQGDU\ FRQGL
WLRQ7KHLQMHFWLRQUDWH4WRWWZDVPHDVXUHGSRLQWZLVHE\PRQL
WRULQJWKHZDWHUOHYHOVXEVLGHQFHGXULQJVKRUWLQWHUUXSWLRQVRIWKH
ZDWHU VXSSO\ 'XULQJ WKH LQMHFWLRQ WKH IUHVKZDWHU WR VDOWZDWHU
WUDQVLWLRQ ZDV SXVKHG GRZQZDUGV 7KLV ZDV PRQLWRUHG ZLWK D
PXGUHVLVWLYLW\SUHVVXUHORJJLQJWRRO053WRRO7KH053WRRO
ZDVPRYHGGRZQLQVWHSVRIVHYHUDOPHWHUVVHSDUDWHGE\VWDQG
VWLOOSKDVHVRIVHYHUDOKRXUV LQDZD\WKDW LWZDVDOZD\V ORFDWHG
FORVHWRWKHVWHHSHVWSDUWRIWKHVDOLQLW\JUDGLHQW$VWKHLQMHFWLRQ
ODVWHG VHYHUDO GD\V LW KDG WR EH LQWHUUXSWHG RYHUQLJKW ZKHQ QR
FDEOHRSHUDWLRQZDVSRVVLEOH7KLVUHVXOWVLQDKLJKO\QRQVWHDG\
VWDWHSURFHVV




GLVWDQFHV ']DQG'WEHWZHHQ WZRVXEVHTXHQWUHFRUGLQJVRI WKH
VDPHVDOLQLW\YDOXH7KHDFFXUDF\RIIORZUDWHGHWHUPLQDWLRQFDQ
EH LPSURYHG E\ FDOFXODWLQJ '9 $Â'] DQG 'W IRU DQ\ VDOLQLW\




6LQFH IORZ UDWH FDOFXODWLRQ LVEDVHGRQGHSWKGLIIHUHQFHVDKLJK
GLIIHUHQWLDODFFXUDF\RIGHSWKGDWDLVUHTXLUHG$WZLVWHGERUHKROH
WUDMHFWRU\ FDXVHV LQWHQVH FDEOH IULFWLRQ UHVXOWLQJ LQ D GHOD\ RI
053WRRO PRYHPHQW UHODWLYH WR FDEOH PRYHPHQW PHDVXUHG DW
VXUIDFH ZKHQ FDEOH PRYHPHQW VWDUWV RU VWRSV 7KH UHVXOWLQJ
GLIIHUHQWLDOHUURUVLQWKHGHSWKUDZGDWDKDYHWREHHOLPLQDWHGWR
DYRLGVHYHUHHUURUVRIFDOFXODWHGIORZUDWHV%HFDXVHDVWHSGRZQ
FRYHUV RQO\ D IHZPHWHUV JDPPDORJ LV QRW VXIILFLHQW WR VROYH
WKLVSUREOHP7KHUHIRUHWKHLQWHJUDWLRQRIDKLJKUHVROXWLRQSUHV
VXUHVHQVRU LQ WKH053WRRO LVHVVHQWLDO$V WKHXSSHUERXQGDU\
FRQGLWLRQ LV NQRZQ H[DFWO\ GHSWK FRUUHFWLRQ FDQ EH SHUIRUPHG
XVLQJ WKHVHSUHVVXUHPHDVXUHPHQWV'XULQJFDEOHPRYHPHQW WKH







4]W DW 053WRRO SRVLWLRQ ] FKDUDFWHUL]HV WKH LQMHFWLRQ UDWH
EHORZWKLVGHSWK$VH[SHFWHG4]WHTXDOV4WRWWDWWKHGHSWKRI
WKHFDVLQJVKRHDQGIDOOVEHORZLWIRUJUHDWHUGHSWK
7KH GHULYDWLRQ RI SHUPHDELOLW\ SURILOHV IURP IORZORJ GDWD
UHJLVWHUHG XQGHU TXDVL VWHDG\VWDWH FRQGLWLRQV LV GHVFULEHG LQ
GHWDLO E\ 3DLOOHW  IRU IUDFWXUHG DTXLIHUV 7KH QRQ VWHDG\
VWDWH FKDUDFWHULVWLF RI WKLV WHVW UHTXLUHV D SHUPHDELOLW\ PRGHO
LQFOXGLQJRQHPRUHVLPSOLILFDWLRQ7KHVDPHFKDUDFWHULVWLFEWRI
WUDQVLHQWEHKDYLRURIWKHLQMHFWLRQSURFHVVKDVWREHDVVXPHGIRU
DQ\ GHSWK WKXV WKH YHUWLFDO IORZ UDWH LQ WKH ZHOO DW GHSWK ] LV
JLYHQE\





ZKHUH ]ERW   ERWWRPRIGULOOLQJ
 .]   SHUPHDELOLW\DWGHSWK]DIUDFWXUHZLWKWUDQVPLVVLYLW\
7IDWGHSWK]IZRXOGEHUHSUHVHQWHGE\G]]IÂ7I
 G   GHOWDIXQFWLRQ'LUDFGLVWULEXWLRQ




























ZKHUH ]WRS   SRVLWLRQRIWKHFDVLQJVKRH
SHT] LV NQRZQ IURP D SUHVVXUHORJ SUHFHGLQJ WKH LQMHFWLRQ
WHVW DQG S]W FDQ EH GHULYHG IURP WKH DFWXDO SUHVVXUH UHFRUG




PRUH UHOLDEO\ E\ DQ LQGHSHQGHQW K\GUDXOLF WHVW LQYROYLQJ ODUJHU
LQMHFWLRQRUH[WUDFWLRQYROXPHV
7KH SUHVVXUH S]W QHHGHG WR FDOFXODWH 5]W LV PHDVXUHG
RQO\DW053WRROSRVLWLRQDWDJLYHQWLPH)RUDQ\RWKHUGHSWKLW
KDV WREHFDOFXODWHGXVLQJ WKHK\GURVWDWLFSUHVVXUHJUDGLHQW)RU
WKH LQLWLDO VLWXDWLRQ ZKHQ WKH RSHQ KROH VHFWLRQ LV ILOOHG ZLWK
IRUPDWLRQ IOXLG WKH GLIIHUHQFH S]W±SHT] LV LQGHSHQGHQW RI
GHSWK/DWHURQWKLVLVVWLOOWUXHEHORZWKHVDOWZDWHUWRIUHVKZDWHU
WUDQVLWLRQ$ERYH WKLV WUDQVLWLRQ WKHYHUWLFDOSUHVVXUHJUDGLHQW LQ
WKHZHOOLVOHVVVWHHSWKDQLQWKHIRUPDWLRQGXHWRWKHORZHUGHQ
VLW\RIWKHIUHVKZDWHU7KLVUHVXOWVLQDQLQFUHDVHRIS]W±SHT]
IURP WKH VDOWZDWHU WR IUHVKZDWHU WUDQVLWLRQ WRZDUGV WKH FDVLQJ
VKRH %HFDXVH WKH DSSOLHG LQMHFWLRQ SUHVVXUH LV ORZ  WR
03D WKLV HIIHFW ZKLFK LV XVXDOO\ QHJOHFWHG LQ IORZORJ
LQWHUSUHWDWLRQ LV UHOHYDQW DOWKRXJK WKH GHQVLW\ GLIIHUHQFHV DUH







$VPDOOYROXPHGUDZGRZQ WHVWZDVFDUULHGRXWVXEVHTXHQW WR WKH
LQMHFWLRQ WHVW WR GHWHFW K\GUDXOLFDOO\ UHOHYDQW IUDFWXUHV +LJKO\








)LJXUH &RPSDULVRQRI UHVXOWV IURP IOXLG ORJJLQJ DQG IORZ
ORJ

$ VLJQLILFDQW MXPS LQ WKH 5]WGDWD EHWZHHQ P DQG
PRIIHUVDQLQGHSHQGHQWDIILUPDWLRQRIWKHGHWHFWHGIUDFWXUH
ILJ)XUWKHUPRUHWKHH[WUDSRODWLRQRIWKH5]WGDWDUHVXOWVLQ
YDOXHVFOHDUO\JUHDWHU WKDQDW WKHERWWRPRI WKHERUHKROH WKXV
YDOLGDWLQJ WKH DVVXPSWLRQ RI DQRWKHU IUDFWXUH EHORZ P
7KHUHIRUH D PRGHO ZDV ILWWHG WR WKH PHDVXUHG GDWD LQFOXGLQJ
IUDFWXUHVDWPDQGPLQGLFDWLRQVIRUWKHVHIUDFWXUHV
FDQDOVREHIRXQGLQORJJLQJVRIYDULRXVFKHPLFDODQGJHRSK\VL












,Q FDVH D SURQRXQFHG VDOLQLW\ JUDGLHQW H[LVWV LQ D ERUHKROH WKH
IORZORJWHFKQLTXHSUHVHQWHGKHUHIDFLOLWDWHVWKHPHDVXUHPHQWRI
IORZ YHORFLWLHV DV ORZ DV ÂPV ZLWK D PRGHUDWH WHFKQLFDO
H[SHQVH7KHUHTXLUHGHIIRUWIRUGDWDSURFHVVLQJLVUHODWLYHO\KLJK
EXWFDQEHDXWRPDWLVHGIRUWKHPRVWSDUW$VVXPLQJVRPHUHDVRQ
DEOH VLPSOLILFDWLRQV WKHPHWKRG HQDEOHV WKH GHULYDWLRQ RI D SHU







VHOOVFKDIW ')* 7KH H[SHULPHQWVZHUH HQDEOHG E\ WKH2SHUD

























*HRSK\VLN ,Q (PPHUPDQQ 5 'LHWULFK +* /DXWHUMXQJ -
:|KUO 7 HGV 7LHIERKUXQJ .7%2EHUSIDO] 9% (UJHEQLVVH


















$ E V W U D F W  )RU VXVWDLQDEOH JURXQGZDWHU PDQDJHPHQW DQG SURWHFWLRQ LVVXHV LW LV QHFHVVDU\ WR GHWHUPLQH IORZ DQG WUDQVSRUW











7KH FKDON DTXLIHU LV WKH PRVW LPSRUWDQW DTXLIHU LQ WKH 8QLWHG
.LQJGRP SURYLGLQJ PRUH WKDQ  RI WKH DEVWUDFWHG
JURXQGZDWHU 7KH &KDON LV D GXDO SRURVLW\ DTXLIHU ZLWK D KLJK
PDWUL[ SRURVLW\ RI DSSUR[LPDWHO\  LQ WKH QRUWKHUQ FKDON
SURYLQFH RI(QJODQG $OOHQ HW DO 'XH WR WKH VPDOO SRUH
GLDPHWHU RI  WR PP WKHPDWUL[ KDV D YHU\ ORZ K\GUDXOLF
FRQGXFWLYLW\SHUPHDELOLW\RIDERXWPG3ULFHHWDO
7KHEXONSHUPHDELOLW\ LVHQRUPRXVO\ LQFUHDVHGE\ IUDFWXUHVDQG









7R LQYHVWLJDWH WKH WUDQVSRUW FKDUDFWHULVWLFV RI WKH DTXLIHU
LQFOXGLQJ VROXWH YHORFLWLHV KRUL]RQWDO DQG YHUWLFDO








7$ DQG FRQILQHG E\ D FD P WKLFN RYHUO\LQJ GULIW
OD\HU7KUHHFDPGHHSLQMHFWLRQZHOOVDUHVLWXDWHGPIURP
DQ P GHHS DEVWUDFWLRQ ERUHKROHZLWK D IXUWKHU LQMHFWLRQZHOO
)LJXUH %UHDNWKURXJK FXUYH IURP WKH ORZHU RXWIORZ DQG XSSHU EDLOHU VDPSOLQJ OHYHO RI WKH DEVWUDFWLRQZHOO$UURZV





VKRZQ WKH SUHVHQFH RI WZR KLJKO\ SHUPHDEOH KRUL]RQV DERYH
PDQGEHWZHHQDQGPGHSWK














SXPSHG ZHOO DIWHU D VWHDG\ VWDWH IORZ ILHOG ZDV UHDFKHG E\
SXPSLQJ DW PG 2QH LQMHFWLRQ ZHOO ZDV SDFNHUHG LQWR
XSSHU (RVLQ DQG SRWDVVLXP EURPLGH DQG ORZHU
6RGLXPIOXRUHVFHLQ DQG VRGLXP LRGLGH VHFWLRQV WR WHVW WKH WZR
SHUPHDEOHKRUL]RQVVHSDUDWHO\$FFRUGLQJO\WKHDEVWUDFWLRQZHOO
ZDVVDPSOHGDWWZRGHSWKVXVLQJWKHRXWIORZRIWKHSXPSZKLFK
JDYH WKHDYHUDJHRIDOO WKH LQIORZDQGDEDLOHU DWPGHSWK
ZKLFKVDPSOHGRQO\ZDWHUVHQWHULQJDERYHWKLVGHSWK7UDFHUVLQ
WZR RWKHU LQMHFWLRQ ZHOOV FRQVLVWHG RI $PLQR* $FLG SOXV
SRWDVVLXP FKORULGH DQG 5KRGDPLQH:7 7KHVH LQMHFWLRQ ZHOOV
ZHUHUHFLUFXODWHGDQGVDPSOHGWRGHWHUPLQHWKHVRXUFHIXQFWLRQ












KDOI RI WKH SDFNHUHG ZHOO LV RQ DYHUDJH  WLPHV OHVV




DURXQG K 7KH KLJK FRQFHQWUDWLRQV RI 5KRGDPLQH :7 DQG
$PLQR*$FLGLQGLFDWHDJRRGFRQQHFWLRQZLWKWKHSXPSHGZHOO
ZKLOH6RGLXPIOXRUHVFHLQZDVQRWGHWHFWHG
7KH ERUHKROH GLOXWLRQ WHVW UHVXOWV ILJ LQGLFDWH WKDW IORZ
RFFXUUHGSHUYDVLYHO\WKURXJKWKHIRUPDWLRQEXWZDVIRFXVVHGLQ
WZR IUDFWXUHG KRUL]RQV DW  DQG PGHSWK&RPSDULVRQZLWK
FRUH DQG DFRXVWLF ORJV LQGLFDWHV WKDW WKHVH OHYHOV FRUUHVSRQG WR
IUDFWXUHGKRUL]RQVMXVWDERYHPDUOOD\HUV7KHUHVXOWVVXJJHVWWKDW
WKHVHPDUOV UHSUHVHQWEDUULHUV WRYHUWLFDO IORZDQG WKH LQMHFWLRQ
ZHOOEUHDFKHGWKHVHEDUULHUVUHVXOWLQJLQYHUWLFDOIORZLQWKHZHOO
$Q LQWHUSUHWDWLRQ RI WKH ERUHKROH GLOXWLRQ GDWD LQFRUSRUDWLQJ






$OOHQ'- %UHZHUWRQ/- &ROHE\/0 *LEEV%5 /HZLV0$
0DF'RQDOG$0 :DJVWRII6- :LOOLDPV$7  7KH
SK\VLFDO SURSHUWLHV RI PDMRU DTXLIHUV LQ (QJODQG DQG :DOHV
%ULWLVK *HRORJLFDO 6XUYH\ 7HFKQLFDO 5HSRUW :'S
(QYLURQPHQW$JHQF\5	'3XEOLFDWLRQ
3ULFH0 'RZQLQJ5$ (GPXQGV:0  7KH FKDON DV DQ
DTXLIHU ,Q 'RZQLQJ5$ 3ULFH0 -RQHV*3 HGV 7KH




























$ E V W U D F W   0DWUL[ GLIIXVLRQ RI WUDFHUV LQ SRURXVPHGLD LV GHSHQGLQJ RQ ERWK URFN DQG WUDFHU SURSHUWLHV 7KH HIIHFW RIPDWUL[
GLIIXVLRQRQWUDFHUWUDQVSRUWLVKRZHYHURIWHQPDVNHGE\K\GURG\QDPLFGLVSHUVLRQ7KHDPELJXLW\RIWUDFHUWHVWUHVXOWVFDQEHUHGXFHG









VXUIDFH EHWZHHQ OLTXLG DQG VROLG SKDVHV 7UDFHU WHVWV DUH DQ
DSSURSULDWH WHFKQLTXH IRU WKH LQYHVWLJDWLRQ RI WKLV VXUIDFH VLQFH
PDWUL[ GLIIXVLRQ DQG KHQFH WUDFHU WUDQVSRUW LV D IXQFWLRQ RI WKH
HIIHFWLYH FRQWDFW DUHD +RZHYHU LQYHVWLJDWLRQV ZLWKLQ VXFK
UHVHUYRLUV DUH GLIILFXOW 8VXDOO\ RQO\ RQH ERUHKROH LV DYDLODEOH
GXH WR HFRQRPLF UHVWULFWLRQV KLJK WHPSHUDWXUH VWLPXODWHV WUDFHU
GHFD\ DQG PDWUL[ GLIIXVLRQ LV PDVNHG E\ K\GURG\QDPLF
GLVSHUVLRQZLWKLQWKHDGYHFWLYHSRUHVSDFHGXHWRKHWHURJHQHLW\
7RRYHUFRPHWKHVHGLIILFXOWLHVDQH[SHULPHQWDOFRQFHSWZDV
GHYHORSHG ,W LV EDVHG XSRQ WKH V\QFKURQRXV DSSOLFDWLRQ RI
VHYHUDOQRQUHWDUGLQJWUDFHUVZLWKGLIIHUHQWGLIIXVLRQFRHIILFLHQWV
8VLQJ WKH VLQJOHZHOO LQMHFWLRQZLWKGUDZDO 6:,: WHFKQLTXH
0HLJV DQG %HDXKHLP  WKH HIIHFW RI K\GURG\QDPLF
GLVSHUVLRQ LV SDUWLDOO\ UHYHUVHG ZKLOH WKH HIIHFW RI PROHFXODU
PDWUL[GLIIXVLRQLVHQKDQFHG7VDQJ+HQFHWKHGLIIHUHQFHV












7KH WUDFHUV XQGHU LQYHVWLJDWLRQ DUH VXOIRQDWHG QDSKWKDOHQH
IRUPDOGHK\GH FRQGHQVDWHV 61)& DQG WKH FRUUHVSRQGLQJ
PRQRPHUHV 7KHVH FRPSRXQGV DUH DYDLODEOH LQ YDULRXV FKDLQ
OHQJWKV VSDQQLQJ D UDQJH RI DTXHRXV GLIIXVLRQ FRHIILFLHQWV
0RGHUQ +3/& PHWKRGV HQDEOH WKHLU DQDO\VLV GRZQ WR D ȝJ/
OHYHO 3LRWWHD HW DO  :ROI HW DO  6LQFH 61)& DUH
HQYLURQPHQWDOO\EHQLJQWKH\FRXOGEHUHFHQWO\DSSOLHGZLWKLQWKH
XQVDWXUDWHGVRLO]RQH1LPPRHWDOLQDVKDOORZDTXLIHUDV





7KH ODERUDWRU\ GLIIXVLRQ H[SHULPHQWV ZLOO EH FRQGXFWHG LQ
DFFRUGDQFH WR D WHFKQLTXH LQLWLDOO\ SUHVHQWHG E\ 6NDJLXV DQG
1HUHWQLHNV)LJSUHVHQWVWKHH[SHULPHQWDOVHWXS7KHURFN
VDPSOH  LV VDWXUDWHG ZLWK IRUPDWLRQ ZDWHU DQG FRYHUHG ZLWK
HSR[\UHVLQVRWKDWRQO\RQHIDFHUHPDLQVDFFHVVLEOH7KHVDPSOH
LVVHWLQWRD39&VXSSRUWIUDPHZLWKWKHRSHQIDFHFRQQHFWHG
WR D ZDWHU UHVHUYRLU  FRQWDLQLQJ IRUPDWLRQ ZDWHU $W WKH
EHJLQQLQJRIWKHH[SHULPHQWWKHWZRWUDFHUVRQO\GLIIHULQJZLWK
UHVSHFW WR WKHLU GLIIXVLRQ FRHIILFLHQWV HJ IOXRUHVFHLQ 
QDSKWKDOHQHVXOIRQDWH DUH DGGHG & & 7KH FRQFHQWUDWLRQ RI
WKHWUDFHUVROXWLRQGHFUHDVHVZLWKWLPHWWWEHFDXVHRIWUDFHU




GXULQJ D ILHOG H[SHULPHQW DQG WR XSKROG WKH FRQFHQWUDWLRQ
JUDGLHQW WWQ IRU KLJKHU WUDFHU IOX[ WKH UHVHUYRLU ZDWHU LV
H[FKDQJHG DJDLQVW WUDFHU IUHH IRUPDWLRQ ZDWHU &  DW UHJXODU
LQWHUYDOV ILJ 7KH GLPHQVLRQLQJ RI WKH H[SHULPHQW WUDFHU
FRQFHQWUDWLRQV FRQWDFW VXUIDFHV YROXPH RI ZDWHU UHVHUYRLU
GXUDWLRQVHWFLVFDUULHGRXWEDVHGRQWKHJLYHQSDUDPHWHUVRIWKH
URFN PDWHULDO VR WKDW D WUDQVIHU WR DFWXDO ILHOG FRQGLWLRQV LV








)LJXUH'LIIXVLRQFHOOZLWK  UHVLQFRDWHG URFNVDPSOH 
ZDWHU UHVHUYRLU  VXSSRUW IUDPH  DFFHVV KROHV IRU














3LORW ILHOG H[SHULPHQWV DUH FDUULHG RXW DW ERUHKROHV ZLWK D
SULRULZHOONQRZQIUDFWXUHVWUXFWXUHV$IUDFWXUH]RQHLVLVRODWHG
ZLWKDGRXEOHSDFNHUVWULQJDQGZDWHUWRJHWKHUZLWKWZRRUPRUH
WUDFHUVDQGDQDGGLWLRQDOVOXJRIZDWHU FKDVHU LQMHFWHG LQWR WKH
IUDFWXUHILJ7KHYROXPHRIWKHFKDVHUPDLQO\GHSHQGVRQWKH





)LJXUH  6FKHPDWLF RI WKH H[SHULPHQWDO VHWXS IRU WKH SLORW
ILHOGH[SHULPHQWV

7KH LQMHFWLRQ SKDVH LV IROORZHG E\ D UHVW SHULRG ZLWKRXW
LQMHFWLRQ RU DEVWUDFWLRQ 'XULQJ WKLV SHULRG WKH WZR WUDFHUV ZLOO
GLIIXVHZLWKGLIIHUHQWUDWHVLQWRWKHIUDFWXUHDGMDFHQWURFNPDWUL[
7KH OHQJWK RI WKH UHVW SHULRG ZLOO EH EDVHG DPRQJ RWKHU
SDUDPHWHUV RQ WKH UHVXOWV RI WKH ODERUDWRU\ H[SHULPHQWV
'HSHQGLQJ RQ WKH VSHFLILF ILHOG VLWH LW KDV WR EH DVVXPHG WKDW
WKHUH LV QR VLJQLILFDQW ³EDFNJURXQG´ JURXQGZDWHU IORZ
2WKHUZLVH DGYDQFHG QXPHULFDO PRGHOV KDYH WR EH HPSOR\HG WR
LQWHUSUHW WKH WHVWVZKLFK DGGV DQRWKHU GLPHQVLRQRI FRPSOH[LW\
DQGLQFUHDVHVDPELJXLW\
7KH UHVW SHULRG LV IROORZHG E\ WKH SURGXFWLRQ SKDVH GXULQJ
ZKLFK WKHEDFNGLIIXVLRQRI WKH WUDFHUV LVDFWLYH$SDUWIURPWKH
PD[LPD RI WKH EUHDNWKURXJK FXUYHV WKH WDLOLQJ SDUW RI WKH
EUHDNWKURXJK FXUYH LV RI SDUWLFXODU LPSRUWDQFH IRU WKH
LQWHUSUHWDWLRQ RI WKH WHVW EHFDXVH LW FRQWDLQV WKH LQIRUPDWLRQ RQ
WKH GLIIHUHQWLDO EDFN GLIIXVLRQ SURFHVV )RU WKH LQWHUSUHWDWLRQ RI
WKHWUDFHUWHVWVDQDO\WLFDOPRGHOVDVZHOODVQXPHULFDOPRGHOVZLOO
EH HPSOR\HG GHSHQGLQJ RQ WKH ERXQGDU\ FRQGLWLRQV






7R GHVLJQ WKH ODERUDWRU\ H[SHULPHQWV WKH SHULRG RI GLIIXVLYH
WUDFHUXSWDNHE\ WKH URFNVDPSOH W«WZDVFDOFXODWHGXVLQJD
VKRUWWHUP DSSUR[LPDWLRQ RI WKH DQDO\WLFDO VROXWLRQ RI WKH





























7KH GLIIHUHQW PROHFXODU VL]HV RI IOXRUHVFHLQ DQG 










%DUUHU 50  =HROLWHV DQG FOD\ PLQHUDOV DV VRUEHQWV DQG
PROHFXODUVLHYHV$FDGHPLF3UHVV/RQGRQSS




EHKDYLRU LQ VKRUWWHUP H[SHULPHQWV LQ ILVVXUHG URFNV :DWHU
5HVRXUFHV5HVHDUFK
0HLJV /& %HDXKHLP 5/  7UDFHU WHVWV LQ IUDFWXUHG




LQ D ODQGILOO OHDFKDWH DQG WKHLU WUDQVSRUW EHKDYLRU LQ
JURXQGZDWHU RI WKH 8SSHU 5KLQH 9DOOH\ *HUPDQ\
(QYLURQPHQWDO*HRORJ\
1LPPR-53HUNLQVD.65RVH3(5RXVVHDXF-32UUF%5%9
7 $QGHUVRQF 65  .LORPHWHU6FDOH 5DSLG 7UDQVSRUW RI
1DSKWKDOHQH 6XOIRQDWH 7UDFHU LQ WKH 8QVDWXUDWHG =RQH DW WKH
,GDKR 1DWLRQDO (QJLQHHULQJ DQG (QYLURQPHQWDO /DERUDWRU\
9DGRVH=RQH-RXUQDO





SRO\DURPDWLF VXOIRQDWHV DV WUDFHUV LQ JHRWKHUPDO UHVHUYRLUV
*HRWKHUPLFV
6NDJLXV . 1HUHWQLHNV ,  3RURVLWLHV DQG GLIIXVLYLWLHV RI
VRPHQRQVRUELQJVSHFLHVLQFU\VWDOOLQHURFNV:DWHU5HVRXUFHV
5HVHDUFK
7VDQJ <:  6WXG\ RI DOWHUQDWLYH WUDFHU WHVWV LQ
FKDUDFWHUL]LQJ WUDQVSRUW LQ IUDFWXUHG URFNV *HRSK\VLFDO
5HVHDUFK/HWWHUV
:ROI & 6WRUP7 /DQJH )75HHPWVPD7%UDXFK+- (EHUOH
6+ -HNHO 0  $QDO\VLV RI 6XOIRQDWHG 1DSKWKDOHQH
)RUPDOGHK\GH &RQGHQVDWHV E\ ,RQ3DLU &KURPDWRJUDSK\ DQG
7KHLU4XDQWLWDWLYH'HWHUPLQDWLRQIURP$TXHRXV(QYLURQPHQWDO
6DPSOHV$QDO\WLFDO&KHPLVWU\±
:RUFK (  (LQH QHXH *OHLFKXQJ ]XU %HUHFKQXQJ YRQ














$ E V W U D F W  )UDFWXUHGLJQHRXVPHWDPRUSKLFDQGFRQVROLGDWHGVHGLPHQWDU\URFNVVRFDOOHGKDUGURFNVRFFXULQH[WHQGHGUHJLRQVDOO
RYHU WKHZRUOG ,Q UHFHQW \HDUVPDLQO\ GXH WR LPSRUWDQW SUDFWLFDO JURXQGZDWHU LVVXHV FRQQHFWHGZLWK WKLV VSHFLILF K\GURJHRORJLF
HQYLURQPHQW LQFUHDVLQJ LQWHUHVW LQKDUGURFNK\GURJHRORJ\KDVEHHQQRWHG6WLOO LQPDQ\K\GURJHRORJLFPDSV³KDUGURFN³DUHDVDUH
UHSUHVHQWHGHLWKHUZLWKRXWDTXLIHUVRURIDVPDOOWRQHJOLJLEOHJURXQGZDWHUSRWHQWLDORUDUHOHIWEODQNDWDOO,WLVHYLGHQWWKDWJHQHUDOO\









URFNV GLIIHU FRQVLGHUDEO\ IURP K\GURJHRORJLF EDVLQV 'XH WR
PDQ\ SUDFWLFDO UHDVRQV HVSHFLDOO\ XVXDO VXLWDELOLW\ IRU
FRQFHQWUDWHG JURXQGZDWHU DEVWUDFWLRQ WKH ODWWHU KDYH EHHQ LQ
FRQWUDVW WR KDUGURFN DUHDV VXEMHFW RI LQWHQVLYH K\GURJHRORJLF
VWXGLHV VLQFH ORQJ DJR 7KHUHIRUH GXULQJ SDVW GHFDGHV QR
DGHTXDWH DWWHQWLRQ KDG EHHQ SDLG WR KDUGURFN HQYLURQPHQWV
H[FHSW IRU VRPH DULG DQG VHPLDULG UHJLRQV ZKHUH JURXQGZDWHU
KDVEHHQ WKHRQO\ VRXUFH IRUZDWHU VXSSO\5HFHQWO\ LQFUHDVLQJ
LQWHUHVW LQ KDUGURFN K\GURJHRORJ\ KDV EHHQ QRWHG DOVR LQ
WHPSHUDWH FOLPDWLF ]RQHV GXH WR LWV JURXQGZDWHU LPSRUWDQFH LQ
PDQ\ DSSOLHG WDVNV ,W LV HYLGHQW WKDW UHFRPPHQGHG JHQHUDO
PHWKRGRORJLHV RI K\GURJHRORJLF PDS FRPSLODWLRQ HJ $QRQ
   6WUXFNPHLHU 0DUJDW  FDQ KDUGO\ EH







UHSUHVHQWHG HLWKHU ZLWKRXW DTXLIHUV RU RI VPDOO WR QHJOLJLEOH
JURXQGZDWHUSRWHQWLDORUDUHOHIWEODQNDWDOO<HWLWLVFOHDUWKDW
VRPHUHFRPPHQGDWLRQVVKRXOGEHJLYHQKRZWRUHSUHVHQWVSHFLILF










7ZR PDLQ SRLQWV RI YLHZ GHWHUPLQH WKH VFRSH DQG FRQWHQW RI
K\GURJHRORJLFPDSVWKHLUVFDOHDQGWKHLUREMHFWLYHV
$V WR WKH VFDOH ODUJH PHGLXP DQG VPDOOVFDOH PDSV DUH
FRPPRQO\ GLVWLQJXLVKHG ZLWK WKH OLPLWV DW DSSUR[LPDWHO\
 DQG  VFDOHV UHVS 6WUXFNPHLHU 0DUJDW





WHUPH[SHULHQFHRIK\GURJHRORJLFPDSFRPSLODWLRQ WHOOV WKDW DOO
WKHYHUVDWLOHK\GURJHRORJLFUHDOLW\FDQQRWEHPHUJHGLQRQHVKHHW
RISDSHURURQHUHVXOWLQJSURGXFWRID*,6VXSSRUWHGPDS
3RVVLEOH GLYLVLRQ RI FRQWHQW RI K\GURJHRORJLF PDSV DIWHU
GLVWLQFW DVSHFWV WZR TXDQWLWDWLYH DQG RQH TXDOLWDWLYH LV
UHSUHVHQWHGLQ7DEOH
&RQVLGHULQJ WKH VFDOH VPDOO VFDOH PDSV UHSUHVHQWLQJ
FRQWLQHQWVRUH[WHQGHGDUHDVDVHJWKH+\GURJHRORJLFDOPDSRI
(XURSH LQ  PRVWO\ GLVWLQJXLVK GLVWLQFW W\SHV RI
K\GURJHRORJLF HQYLURQPHQW 2Q WKH RWKHU KDQG WKH ODUJHVFDOH
PDSV DUH PRVWO\ EDVHG RQ DQG UHSUHVHQW UHVXOWV RI GHWDLOHG
K\GURJHRORJLF VWXGLHV IRFXVHG RQ VSHFLILF XVXDOO\ DSSOLHG
SUREOHPV
7KHPHGLXPVFDOHPDSVRIWHQIRUPVHWVRIVKHHWVWKDWFRYHU
H[WHQGHG WHUULWRULHV 7KH\ DUH EHWZHHQ VPDOOVFDOH PDSV WKDW
SURYLGHDEDVLV WRVFLHQWLILFFRQVLGHUDWLRQVDQG ODUJHVFDOHPDSV
ZKHUHDOVRH[DFWLQIRUPDWLRQDSSOLFDEOHIRUFRQFUHWHDFWLYLWLHVLV
UHTXHVWHG 7KLV LV PRVWO\ WKH SRLQW WKDW PDNHV GLIILFXOW WKH
FRPSLODWLRQRIWKHVHK\GURJHRORJLFPDSVLQJHQHUDODQGLQDYHU\
FRPSOH[ DQG YDULDEOH KDUGURFN HQYLURQPHQW VSHFLILFDOO\ 7KH
PDLQSUREOHPLVKRZWRUHIOHFWLQDORFDOVFDOHYHU\YDULDEOHSRLQW
LQIRUPDWLRQDQGKRZWRH[WHQGLWWREHUHSUHVHQWHGLQDPDS
$V JURXQGZDWHU TXDOLW\ LV XVXDOO\ QRW YHU\ YDULDEOH WKHVH
PDSV XVHG WR EH FRPSLOHGZLWKRXW SUREOHPV6R LW LV DOVR DV WR
QDWXUDO JURXQGZDWHU UHVRXUFHV UHSUHVHQWDWLRQ LQ WHPSHUDWH
FOLPDWLF ]RQHVZKHUH FRPPRQO\ XVHGPHWKRGRORJ\ LV EDVHG RQ
JURXQGZDWHU UXQRII DVVHVVPHQW IURP WRWDO UXQRII LQ ZDWHU
FRXUVHV 0RUH FRPSOLFDWHG VLWXDWLRQ LV LQ DULG UHJLRQV EXW
HTXDOLVLQJ HIIHFW RI FOLPDWLF FRQGLWLRQV RIWHQ PDNHV SRVVLEOH
XVLQJRISRLQWGDWDHYHQWRGUDZUHJLRQDOHVWLPDWLRQV
7KH PRVW FRPSOLFDWHG LV UHSUHVHQWDWLRQ RI K\GUDXOLF
SDUDPHWHUV7UDQVPLVVLYLW\ LVJHQHUDOO\ FRQVLGHUHG WKHEHVWRQH
ERWK GXH WR LWV PRVW IUHTXHQW DYDLODELOLW\ DQG LWV VXLWDELOLW\ WR
H[SUHVV JURXQGZDWHU DEVWUDFWLRQ SRVVLELOLWLHV LQ WKH ILUVW
DSSUR[LPDWLRQ $ VXJJHVWHG TXDQWLWDWLYH DSSURDFK LV EDVHG RQ
VWDWLVWLFDO WUHDWPHQW RI DYDLODEOH WUDQVPLVVLYLW\ GDWD DQG WKH
REMHFWLYHFODVVLILFDWLRQRIWUDQVPLVVLYLW\PDJQLWXGHDQGYDULDWLRQ
.UiVQê  ([WHQVLRQ RI WKH PDSSHG DUHD DQG WKH VL]H RI
K\GURJHRORJLF LQKRPRJHQHLW\ HOHPHQWV DQG FKDUDFWHU RI
RYHUEXUGHQ DQG MX[WDSRVHG 4XDWHUQDU\ GHSRVLWV LV WR EH WDNHQ
LQWR DFFRXQW LQ KDUGURFN DUHDV WRR .UiVQê  6XSHUSRVHG
RYHUDWUDQVPLVVLYLW\EDFNJURXQGPRVWO\GHULYHGIURPUHVXOWVRI
DTXLIHUWHVWVFDUULHGRXWLQZDWHUZHOOVLPSRUWDQWVSDWLDOOLQHDURU
SRLQW KHWHURJHQHLWLHV DQRPDOLHV DUH UHSUHVHQWHG &RPSLOHG
K\GURJHRORJLFPDSV.UiVQê/ySH]'DUNR.UiVQê














'DUNR3..UiVQê - 5HJLRQDO WUDQVPLVVLYLW\GLVWULEXWLRQ




(6&$3505'& :RUNVKRS %DQGXQJ ,$+
,QWHUQDW&RQWULEXWLRQWR+\GURJHROSS
.UiVQê -  &ODVVLILFDWLRQ RI WUDQVPLVVLYLW\PDJQLWXGH DQG
YDULDWLRQ*URXQG:DWHU
.UiVQê -  4XDQWLWDWLYH KDUGURFN K\GURJHRORJ\ LQ D
UHJLRQDO VFDOH ±%XOO RI*HRO 6XUY RI1RUZD\ 1*8%XOO
7URQGKHLP
.UiVQê - /ySH]$ 7KH JHQHUDO K\GURJHRORJLFDOPDSRI
1LFDUDJXDSULQFLSOHVRIFRPSLODWLRQDQGFRQWHQW
0HP ,QWHUQDW 6\PSRVRQ+\GURJHRORJLFDOPDSV DV WRROV IRU
HFRQRPLFDQGVRFLDOGHYHORSPHQW+DQQRYHU
6WUXFNPHLHU:)*ULPPHOPDQQ:).UDPSH.':HGV
0HP,QWHUQDW6\PSRV RQ +\GURJHRORJLFDO PDSV DV WRROV IRU
HFRQRPLFDQGVRFLDOGHYHORSPHQW+DQQRYHUSS
6WUXFNPHLHU :) 0DUJDW -  +\GURJHRORJLFDO PDSV $
JXLGH DQG D VWDQGDUG OHJHQG ,$+ ,QWHUQDW&RQWULEXWLRQ WR
+\GURJHROSS
$QRQ  ,QWHUQDWLRQDO OHJHQG IRU K\GURJHRORJLFDO PDSV
81(6&2,$6+SS
$QRQ  +\GURORJLFDO PDSV $ FRQWULEXWLRQ WR WKH
,QWHUQDWLRQDO+\GURORJLFDO'HFDGH81(6&2:02SS
$QRQ  ,QWHUQDWLRQDO OHJHQG IRU K\GURJHRORJLFDO PDSV
5HYLVHGYHUVLRQ,$+,$+681(6&2SS
































































































































URFNV 7KHVH URFNV H[KLELW DQLVRWURSLF
EHKDYLRU DQG WKXV WKHUH H[LVW DQ LUUHJXODU
GLVWULEXWLRQ RI JURXQGZDWHU 7KH IORZ LQ
WKLV W\SH RI V\VWHP LVPDLQO\ JRYHUQHG E\
WKH GLVWULEXWLRQ DQG H[WHQW RI IUDFWXULQJ LQ
WKHSULPDU\URFNVWKHLURULHQWDWLRQGHQVLW\
DQG FRQQHFWLYLW\ 'HOLQHDWLRQ RI IUDFWXUH
V\VWHP WKURXJK VXUIDFH RU VXEVXUIDFH
JHRSK\VLFVLVLPSRUWDQWIRUZDWHUUHVRXUFHV
GHYHORSPHQWLQVXFKDUHDV
,Q WKH SUHVHQW VWXG\ WKH JURXQGZDWHU
VWDWXV DQG UHVRXUFHVZHUH LQYHVWLJDWHG LQ D





D QXPEHU RI JHRSK\VLFDO WHFKQLTXHV
*HRSK\VLFDO UHVLVWLYLW\ VXUYH\ XVLQJ
6FKOXPEHUJHUFRQILJXUDWLRQZDVFDUULHGRXW
DW  VLWHV LQ D VPDOO ZDWHUVKHG RI  6T










HOHFWULFDO UHVLVWLYLW\ VRXQGLQJV SURYLGH
LQIRUPDWLRQ RQ WRS OD\HU WKLFNQHVV DQG
UHVLVWLYLW\ ZHDWKHUHG OD\HU WKLFNQHVV
ZHDWKHUHGIUDFWXUHG OD\HU UHVLVWLYLW\ DQG
WKLFNQHVVDQGGHSWKWREDVHPHQW7KHGHSWKWREDVHPHQWFRQWRXU
PDS SURYLGHG XV EHWWHU LQVLJKW RYHU WKH SRVVLEOH ERWWRP RI WKH
DTXLIHUWKURXJKRXWWKHZDWHUVKHG7KHGHSWKWREDVHPHQWYDULHG
IURPPWRDERXWPEJODQGLVVKRZQLQ)LJ
%DVHG RQ LQWHUSUHWDWLRQ  VLWHV ZHUH GULOOHG ZKLFK
HQFRXQWHUHG IUDFWXUHV RI YDULRXV GHQVLW\ DQG DW GLIIHUHQW GHSWKV
.ULVKQDPXUWK\ HW DO  0LVHjODPDVVH WHFKQLTXH ZDV
DSSOLHGLQWKHVWXG\DUHDDWVLWHVQHDUWKHGULOOHGZHOOVDQGZDV
DEOH WR GHOLQHDWH WKH ODWHUDO H[WHQVLRQ RI IUDFWXUHV EDVHG RQ
HTXLSRWHQWLDO WUHQG .XPDU HW DO  7KH LGHD LV WR XVH D
VXEVXUIDFHFRQGXFWLYHPDVV LQ WKLVFDVHZDWHUEHDULQJIUDFWXUH
DV HQHUJL]DWLRQ SRLQW 7KH 63 VWXGLHV FDUULHG RXW QHDU WKHVH
ERUHZHOOVKDYHDOVRVKRZQH[WHQVLRQRIIUDFWXUHVDWVRPHRIWKH
VLWHV 7KH HTXLSRWHQWLDO FRQWRXU PDSV GUDZQ IURP PLVHjOD




$QRWKHU ERUHZHOO GULOOHG DW D GLIIHUHQW VLWH %: LQ ILJ KDV
QRWHQFRXQWHUHGIUDFWXUHVEXWRIFRXUVHWKHH[SHULPHQWFRXOGQRW
EH GRQH XSWR WKDW VLWH EHFDXVH RI ODFN RI VSDFH %RUHKROH
JHRSK\VLFDO ORJJLQJ ZLWK 3RLQW 5HVLVWDQFH /RQJ DQG 6KRUW
1RUPDO*DPPD ORJ 6HOI3RWHQWLDO DQG7HPSHUDWXUH ORJVZHUH




,Q VRPH ERUHZHOOV WKH JDPPD ORJ KDV VKRZQ KLJK DFWLYLW\
DJDLQVWWKHIUDFWXUH]RQH7KLVPD\EHGXHWRWKHDFFXPXODWLRQRI
FOD\ FRQWHQW LQ VXFKSODFHV7KH ORJJLQJ VWXGLHVKDYHKHOSHG LQ
NQRZLQJ WKH GLIIHUHQW ]RQHV RI IUDFWXUHV DW GLIIHUHQW GHSWKV










































ZKLFK FRUURERUDWHV ZHOO ZLWK WKH JHRORJLFDO OLWKRORJV 7KH
UHVLVWLYLW\ VRXQGLQJ 0LVHjODPDVVH 63 DQG ZHOOORJJLQJ
LQWHUSUHWDWLRQ JLYH VLJQLILFDQW FRUUHODWLRQ IRU WKH DTXLIHU
V
ZHDWKHUHGDQGIUDFWXUHG]RQHV7KHUHVLVWLYLW\SURILOLQJZLWKWZR
HOHFWURGH SROHSROH FRQILJXUDWLRQ FDUULHG RXW DFURVV G\NHV
)LJ KDV LQGLFDWHG WKDW WKH G\NHV DUH DFWLQJ DV FRQGXLWV DW
VKDOORZ GHSWKV DQG DFWLQJ DV EDUULHUV DW GHHSHU OHYHOV IRU
JURXQGZDWHU IORZ 7KH PDJQHWLF SURILOLQJ FDUULHG RXW DORQJ
YDULRXVSURILOHVKDVLQGLFDWHGWKHSUHVHQFHRIEXULHGG\NHV
6LQFH WKH JURXQGZDWHU LQ WKHZHDWKHUHG ]RQH LV DOPRVW GU\
DQG LW ZDV HVVHQWLDO WR GHOLQHDWH WKH VDWXUDWHG IUDFWXUH ]RQHV
7KRXJK WKH IUDFWXUH ]RQHV ZKLFK DUH WKLQ FRPSDUHG WR WKHLU
GHSWK RI RFFXUUHQFH FRXOG QRW EH LGHQWLILHG LQ WKH UHVLVWLYLW\
VRXQGLQJDVVHSDUDWHOD\HUVWKHLUSUHVHQFHZDVLGHQWLILHGLQZHOO
ORJJLQJ DQG WKHLU H[WHQVLRQ FRXOG EH IRXQG WKURXJK0LVHDOD
PDVVH DQG 63 VXUYH\V 7KXV D MRLQW LQWHUSUHWDWLRQ RI YDULRXV
JHRSK\VLFDO VXUYH\V LQFOXGLQJ UHVLVWLYLW\ DQGPDJQHWLFSURILOLQJ
DFURVV WKHGROHULWHG\NHVKDVSURYLGHGD FOHDU FRQFHSWXDOL]DWLRQ
RI WKH DTXLIHU JHRPHWU\ LQIHUUHG YDULDWLRQ LQ YDULRXV DTXLIHU
SURSHUWLHVFRQWUROOLQJIORZDQGVWRUDJHLQWKHDTXLIHUVXFKWKDWDQ
DSSURSULDWH DTXLIHUPRGHO FRXOG EH SUHSDUHG 7KH VWXG\ FOHDUO\






.ULVKQDPXUWK\ 16 .XPDU ' 1HJL %& -DLQ 6& 'KDU 5/
$KPHG 6  (OHFWULFDO 5HVLVWLYLW\ LQYHVWLJDWLRQ LQ
0DKHVKZDUDP :DWHUVKHG $3 ,QGLD 7HFKQLFDO 5HSRUW 1R
1*5,*:
.XPDU ' .ULVKQDPXUWK\ 16 $KPHG 6 -DLQ 6& 'KDU 5/

























































)LHOG VWXGLHV KDYH VKRZQ WKDW QDWXUDO IUDFWXUH QHWZRUNV DUH
KHWHURJHQHRXVRQDZLGHUDQJHRIVFDOHVEHFDXVHRIWKHSUHVHQFH
RIIUDFWXUHVIURPWKHPLOLPHWULFWRWKHNLORPHWULFDOVFDOH%RQQHW
HW DO  %RXU HW DO  ,Q IDFW WKH SUHVHQFH RI
KHWHURJHQHLW\ DW YLUWXDOO\ DOO VFDOHV RI WKH PHGLXP LQGXFHV DQ
H[WUHPH IORZ FKDQQHOLQJ DQG WKH VFDOH GHSHQGHQF\ RI WKH
HTXLYDOHQWK\GUDXOLFSURSHUWLHV%RXUDQG'DY\GH'UHX]\
HWDO$VDFRQVHTXHQFHWKHDSSOLFDWLRQWRIUDFWXUHGPHGLD
RI WKH KRPRJHQHRXV DQG FODVVLFDO SRURXV PHGLD PRGHOV LV
VHYHUHO\FDOOHGLQWRTXHVWLRQ
:H DLP DW FKDUDFWHUL]LQJ WKH PHDQ K\GURORJLFDO PRGHO
FRQVLVWHQW ZLWK WKH FRPSOH[ DTXLIHU VWUXFWXUH :H HVSHFLDOO\
IRFXVRQSHUPHDELOLW\VFDOLQJWKDWLVVXSSRVHGWRUHVXOWIURPWKH
VSDWLDO LQWHJUDWLRQ RI KHWHURJHQHLWLHV 3XPSLQJ WHVWV DUH
SDUWLFXODUO\ZHOOGHVLJQHGWRWUDFNWKHVHVFDOLQJHIIHFWVVLQFHWKH
JURZWK RI WKH UDGLXV RI LQIOXHQFH LV D ZD\ WR VDPSOH DYHUDJH









:H KDYH H[WHQVLYHO\ VWXGLHG D FU\VWDOOLQH DTXLIHU LQ %ULWWDQ\
)UDQFHE\SHUIRUPLQJZHOO WHVWVDQGPRQLWRULQJGUDZGRZQVDW
VHYHUDOREVHUYDWLRQSLH]RPHWHUVORFDWHGDWGLVWDQFHVUDQJLQJIURP
P WR P IURP WKH SXPSLQJ ZHOO ILJ 7R DQDO\]H WKH
WUDQVLHQWUHVSRQVHRIWKHVLWHZHXVHGORQJWHUPXSWRGD\V
DQG GHWDLOHG VKRUW WHUP  GD\V SXPSLQJ WHVWV 7KDQNV WR WKLV
EURDGVFDOHUDQJHZHDUHDEOHWRWHVWWKHUHOHYDQFHRIHTXLYDOHQW
PRGHOV 7KLV DTXLIHU LV H[SORLWHG DW D UDWH RI DERXW P SHU
\HDU7KHSURGXFLQJZHOOVDUHORFDWHGDWWKHFRQWDFWRIWZRPDLQ
WHFWRQLF IHDWXUHVDJHQWO\GLSSLQJFRQWDFW]RQHEHWZHHQJUDQLWH
















,QWHUSUHWLQJ WKH GUDZGRZQ FXUYHV LQ WHUPV RI SURSHUW\ VFDOLQJ
UHTXLUHV D ILWWLQJ PRGHO WKDW LQFOXGHV WKH K\GUDXOLF VFDOLQJ
SURSHUWLHV RI WKHPHGLXP7KH VLPSOH DOWKRXJK FRPPRQO\XVHG
7KHLVPRGHO 7KHLV  LPSOLFLWO\ DVVXPHV VFDOHLQGHSHQGHQW
SHUPHDELOLW\DQGVWRUDWLYLW\7KHGXDOSRURVLW\PRGHO%DUHQEODWW
HW DO  DOWKRXJK PRUH VRSKLVWLFDWHG DOVR DVVXPHV DQ
LQGHSHQGHQFHRISHUPHDELOLW\ZLWK VFDOH%RWK WKHVHPRGHOVDUH
IRXQGWREHLQFRQVLVWHQWZLWKPRVWRIGUDZGRZQFXUYHVREVHUYHG
LQQDWXUDO IUDFWXUHG URFN ILHOGV %DQJR\HWDO+DPPDQG
%LGDX[/HYHLQHQ1HZPRGHOVKDYHEHHQGHYHORSHG
WR H[SOLFLWO\ DFFRXQW IRU WKH VFDOH GHSHQGHQF\ RI WKH PHGLXP
K\GUDXOLFSURSHUWLHV%DUNHU$FXQDDQG<RUWVRV7KH
JHQHUDOL]HG UDGLDO IORZPRGHO RI%DUNHU  JHQHUDOL]HG WKH
UDGLDOIORZHTXDWLRQIRUQRQLQWHJUDOGLPHQVLRQVE\DVVXPLQJWKDW
IORZ WDNHV SODFH WKURXJK D QGLPHQVLRQ VSKHUH 7KH VRFDOOHG
IORZ GLPHQVLRQ Q FDQ WDNH YDOXHV EHWZHHQ  DQG  7KH
HTXLYDOHQW PRGHO RI $FXQD DQG <RUWVRV  LV DQRWKHU
JHQHUDOL]HG PRGHO WKDW ZDV VHW XS RQ GHWHUPLQLVWLF IUDFWDOV ,W
DFFRXQWV IRU DQRPDORXVO\ VORZ GLIIXVLRQ DQG WXUQV RXW WR
JHQHUDOL]H%DUNHU¶VPRGHO
%DVHG RQ JHRORJLFDO GDWD DQG RQ WKH PXOWLVFDOH IUDFWXUHG
PHGLXP KHWHURJHQHLW\ WKHVH PRGHOV KDYH KRZHYHU QHYHU EHHQ
IXOO\YHULILHGRQQDWXUDOH[DPSOHVPDLQO\EHFDXVHRIWKHODFNRI














WKH FKDUDFWHULVWLF WLPH DQG K WKH FKDUDFWHULVWLF DPSOLWXGH 7KH
HYDOXDWLRQ RI WKH UHOHYDQFH RI WKHVH PRGHOV IRU QDWXUDO FDVHV
FRQVLVWVLQFRPSDULQJWKHGUDZGRZQREVHUYHGRQWKHILHOGWRWKHLU
VROXWLRQ JLYHQ E\  ,I WKH VKDSHV DUH FRQVLVWHQW WKH WKUHH
SDUDPHWHUVKWFDQGQFDQEHREWDLQHGE\DVLQJOHILWWRWKHGDWD
QLVGHWHUPLQHGE\WKHODWHWLPHVKDSHRIWKHFXUYHDQGKDQGWF
DUHGHWHUPLQHG UHVSHFWLYHO\E\ WKHYHUWLFDO DQGKRUL]RQWDO VKLIWV
RIWKHFXUYH%DUNHU¶VDQG7KHLV¶PRGHOVFDQEHGLVWLQJXLVKHGE\
WKH YDOXH RI Q Q  IRU 7KHLV¶ PRGHO DQG Q IRU %DUNHU¶V
PRGHO %DUNHU¶V DQG $FXQD DQG <RUWVRV¶ PRGHOV FDQ EH
GLVWLQJXLVKHG E\ WKH HYROXWLRQ RI WF RQ SLH]RPHWHUV ORFDWHG DW
GLIIHUHQW GLVWDQFHV IURP WKHZHOO DV WFaUGZ ,Q IDFW LQ%DUNHU¶V
PRGHOGLIIXVLRQLVQRUPDOGZ ZKHUHDVLQ$FXQDDQG<RUWVRV¶
PRGHOGLIIXVLRQ LVDQRPDORXVO\ VORZZLWKGZ!7KHSHUWLQHQFH
RI %DUNHU¶V DQG $FXQD DQG <RUWVRV¶ PRGHOV WKXV UHTXLUHV WKH
H[LVWHQFH LQ WKH ILHOG RI D QHWZRUN RI SLH]RPHWHUV ORFDWHG DW





7KH GUDZGRZQ GDWD LV ILWWHG ZLWK WKH %DUNHU¶V IUDFWLRQDO IORZ
PRGHO SURYLGLQJ WKHGHVLUHGYDOXHVRIK\GUDXOLFGLPHQVLRQ
FKDUDFWHULVWLF WLPH DQG DPSOLWXGH :KDWHYHU WKH SXPSLQJ WHVW
GXUDWLRQ DQG ZKDWHYHU WKH GLVWDQFH WR WKH SXPSLQJ ZHOO WKH
IUDFWLRQDO IORZGLPHQVLRQGHGXFHG LV IRXQG LQ WKH UDQJH
ILJ)LJVKRZVD W\SLFDOGUDZGRZQREVHUYDWLRQZKHUHERWK
7KHLVPRGHOQ DQGDIUDFWLRQDOPRGHOQ DUHILWWHGWRWKH
GDWD 7KH 7KHLV PRGHO FDQ QRW ILW ERWK WKH GDWD DQG WKHLU
GHULYDWLYHSDUWLFXODUO\DWODWHWLPHV














WKH PHDQ YDOXH RI WKH HVWLPDWLRQV 7KH VFDOH HYROXWLRQ RI WKH
FKDUDFWHULVWLFWLPHLVDQRPDORXVO\VORZLQDJUHHPHQWZLWK$FXQD
DQG <RUWVRV¶ PRGHO ILJ 7KLV LV FRQILUPHG E\ WKH VFDOH
HYROXWLRQRIWKHFKDUDFWHULVWLFDPSOLWXGH
,QWHUPVRISUHVVXUHGLIIXVLRQWKHZHOOVWKDWLQWHUVHFWRQO\WKH
FRQWDFW ]RQH EHWZHHQ JUDQLWH DQGPLFDVFKLVW DQG WKHZHOOV WKDW
DUH ZLWKLQ WKH VXEYHUWLFDO QRUPDO IDXOW ]RQH KDYH D GLIIHUHQW
K\GUDXOLF UHVSRQVH$XQLTXHVHWRISDUDPHWHUV WKDWZRXOGKDYH
LPSOLHG WKH UHOHYDQFH RI D JOREDO WUDQVLHQW IORZ PRGHO FDQ EH









$Q H[WHQVLYH SXPSLQJ WHVW GDWDVHW LV DYDLODEOH DW WKH 3ORHPHXU
IUDFWXUHGURFNVLWH7KHODUJHVSDWLDODQGWHPSRUDOGLVWULEXWLRQRI
GUDZGRZQ REVHUYDWLRQV SURYLGHV DQ RSSRUWXQLW\ WR DVVHVV WKH
UHOHYDQFHRIDPHDQHTXLYDOHQWIORZPRGHO











%DQJR\/0%LGDX[ 3'URJXH& 3OHJDW5 3LVWUH 6 $
QHZPHWKRGRIFKDUDFWHUL]LQJILVVXUHGPHGLDE\SXPSLQJWHVWV
ZLWKREVHUYDWLRQZHOOV-RXUQDORI+\GURORJ\






%RQQHW ( %RXU 2 2GOLQJ 1 0DLQ , %HUNRZLW] % 'DY\ 3
&RZLH 3  6FDOLQJ RI )UDFWXUH 6\VWHPV LQ *HRORJLFDO
0HGLD5HYLHZVRI*HRSK\VLFV
%RXU2'DY\ 3 &RQQHFWLYLW\ RI UDQGRP IDXOW QHWZRUNV
IROORZLQJ D SRZHU ODZ IDXOW OHQJWK GLVWULEXWLRQ :DWHU
5HVRXUFHV5HVHDUFK
%RXU2'DY\3'DUFHO&2GOLQJ1$VWDWLVWLFDOVFDOLQJ
PRGHO IRU IUDFWXUH QHWZRUN JHRPHWU\ ZLWK YDOLGDWLRQ RQ D
PXOWLVFDOH PDSSLQJ RI D MRLQW QHWZRUN +RUQHOHQ %DVLQ
1RUZD\-RXUQDORI*HRSK\VLFDO5HVHDUFK%
GH 'UHX]\ -5 'DY\ 3 %RXU 2  3HUPHDELOLW\ RI '
IUDFWXUH QHWZRUNV ZLWK SRZHUODZ GLVWULEXWLRQV RI OHQJWK DQG
DSHUWXUH:DWHU5HVRXUFHV5HVHDUFK
+DPP 6< %LGDX[ 3  'XDOSRURVLW\ IUDFWDO PRGHOV IRU
WUDQVLHQW IORZ DQDO\VLV LQ ILVVXUHG URFNV :DWHU 5HVRXUFHV
5HVHDUFK
/HYHLQHQ -  &RPSRVLWH PRGHO ZLWK IUDFWLRQDO IORZ
GLPHQVLRQVIRUZHOOWHVWDQDO\VLVLQIUDFWXUHGURFNV-RXUQDORI
+\GURORJ\
7KHLV &9  7KH UHODWLRQ EHWZHHQ WKH ORZHULQJ RI WKH
SLH]RPHWULFVXUIDFHDQGWKHUDWHDQGGXUDWLRQRIGLVFKDUJHRID














$ E V W U D F W   7KHLGHQWLILFDWLRQRI WKHK\GUDXOLFDQGWUDQVSRUWSURSHUWLHVRIIUDFWXUHGDTXLIHUVUHTXLUHVWKHGHYHORSPHQWRIPRGHOV
WKDW DFFRXQW IRU  WKH SUHVHQFH RI PDMRU FRQGXFWLYH IUDFWXUHV WKDW GHOLPLW FDSDFLWLYH PDWUL[ EORFNV DQG  WKH JHRPHWULFDO
FKDUDFWHULVWLFVRIWKHIUDFWXUHVQHWZRUNZKLFKFRQWUROVWKHIORZDWWKHVFDOHRIWKHSXPSWHVWV7KHVHWZRPDLQIHDWXUHVDUHWDFNOHGE\
FRPELQLQJ JHQHUDOL]HG UDGLDO IORZ IORZ ZLWK IUDFWLRQDO GLPHQVLRQ ZLWK GRXEOHSRURVLW\ DQG OHDNDQFH DSSURDFKHV WDFNLQJ LQWR








FRQVLGHUHG QHJOLJLEOH 7KH GRXEOH SRURVLW\ DSSURDFK FRQVLGHUV
WKDWWKHV\VWHPFDQEHUHSUHVHQWHGE\WZRRYHUODSSLQJFRQWLQXD
 WKH PDLQ ILVVXUHV QHWZRUN ZKLFK GRPLQDWHV WKH IORZ DW WKH
VFDOHRIWKHLQIOXHQFHYROXPHDQGWKHEORFNVGUDLQHGE\WKH
ILVVXUHV WKDW PD\ FRQWDLQ SRRUO\ FRQQHFWHG ILVVXUHV ,QWHU
FRQWLQXD H[FKDQJH FDQ EH HLWKHU VWDWLRQDU\ RU WUDQVLHQW 7KH
IRUPHUKDVEHHQ HQULFKHGE\ WKHSDUDPHWHUL]DWLRQRI WKH ILVVXUH
VNLQHIIHFW0RHQFKGXHWRWKHK\GUDXOLFLPSHGDQFHRIWKH
PLQHUDO GHSRVLWV RQ WKH ILVVXUHV IDFHV :KHQ WKLV LPSHGDQFH
EHFRPHV LPSRUWDQW0RHQFK
V VROXWLRQ UHGXFHV WR WKH VWDWLRQDU\
H[FKDQJH +HQFH ZH FRQVLGHU KHUH RQO\ WKH WUDQVLHQW H[FKDQJH
ZLWKILVVXUHVNLQHIIHFWZKLFKJHQHUDOL]HVWKHSRVVLEOHH[FKDQJHV
EHWZHHQEORFNVDQGILVVXUHV




DQG GRXEOH SRURVLW\ V\VWHPV +DPP HW %LGDX[  ,Q
VXIILFLHQWO\ ILVVXUHG PHGLD WKH IORZ DURXQG SXPSLQJ ZHOOV LV
GRPLQDWHG E\ WKH LQWHUFHSWHG GLVFRQWLQXLWLHV QHWZRUN 7KH IORZ
GLPHQVLRQ FRQVWLWXWHV D SDUDPHWHU UHIOHFWLQJ WKH GRPLQDWLQJ
JHRPHWU\RIWKHIORZLQWKHQHWZRUN)RUH[DPSOHWKLVSDUDPHWHU
LVIRUDSDUDOOHOIORZVXEYHUWLFDOIDXOWLQWHUFHSWHGE\WKHZHOO
RURQHFKDQQHO ILVVXUH IRUF\OLQGULFDO IORZIXOO\SHQHWUDWLQJ
ZHOO LQ D KRPRJHQHRXVSRURXV DTXLIHU DV7KHLV
VPRGHO DQG
IRUVSKHULFDO IORZSDFNHU WHVWVZLWKRQH LQWHUFHSWHGILVVXUH LQD
GHQVH DQG H[WHQGHG QHWZRUN )RU DOO FRPELQDWLRQV RI WKHVH
JHRPHWULHVJHQHUDOL]DWLRQWRIUDFWLRQDOGLPHQVLRQVLVQHFHVVDU\
:HOOERUHVNLQHIIHFWVZKLFKDUHSRWHQWLDOO\LPSRUWDQWFDQEH
WDNHQ LQWR DFFRXQW 7KH\ LQFOXGH ODPLQDU DQG WXUEXOHQW KHDG
ORVVHV RFFXUULQJ LQ WKH KROH LWV HTXLSPHQW DQG LQ WKH FORVH
YLFLQLW\RIWKHZHOO2QFHWKHZHOOKDVEHHQGHYHORSHGRUZKHQ
WKH ILVVXUHV DUHZHOORSHQDW WKHZHOO IDFHD UHODWLYHKHDGJDLQ
FDOOHG QHJDWLYH VNLQ HIIHFW FDQ EH REVHUYHG$GGLWLRQDOO\ZHOO





7KHPRGHOV DERYH DVVXPH D FRQILQHG LVRWURSLF DTXLIHU UDGLDO\
























K I  
ZKHUH.I PVDQG6VIPDUHWKHK\GUDXOLFFRQGXFWLYLW\DQG
VSHFLILF VWRUDWLYLW\RI WKH ILVVXUHVQHWZRUN UHVSHFWLYHO\ U P LV
WKH UDGLDO GLVWDQFH IURP WKHZHOO% P LV WKH OHDNDQFH IDFWRU
ZKLFKFKDUDFWHUL]HVWKHH[FKDQJHVZLWKWKHDTXLWDUGDQGQLVWKH
IORZ GLPHQVLRQ 8QGHU WKH GRXEOH SRURVLW\ DVVXPSWLRQ







































 WK6 PVP ww  
 ]K. PP ww  
ZKHUH .P DQG 6VP DUH WKH K\GUDXOLF FRQGXFWLYLW\ DQG VSHFLILF
VWRUDWLYLW\ RI WKH EORFNV UHVSHFWLYHO\ ] P LV WKH FRRUGLQDWH LQ
WKHEORFNRQ WKHGUDLQLQJSDWK] DW WKHLQWHUIDFHEP PLV
WKH PHDQ OHQJWK RI WKH GUDLQLQJ SDWKV RU EORFNV PHDQ KDOI
WKLFNQHVVwKPw] IRU] EP,QSODFHRI6VP.PEPDQG]LW
LVXVXDOWRFRQVLGHUWKHGLPHQVLRQOHVVSDUDPHWHUV












 ']   PE]  
7KH K\GUDXOLF LPSHGDQFH RI WKHPLQHUDO GHSRVLWV RQ WKH ILVVXUH
ZDOOV LV PRGHOOHG DV D VLQJXODU KHDG ORVV FKDUDFWHUL]HG E\ WKH
ILVVXUHVNLQIDFWRUVI
   ]KP   IK     ww ]PIP ]KE V  
7KH H[FKDQJHV EHWZHHQ WKH ZHOO DQG WKH EORFNV DUH PLQRU
FRPSDUHGWRLWVH[FKDQJHZLWKWKHILVVXUHVQHWZRUN7KHEDODQFH
HTXDWLRQLV





II UKUE.  
 ww D  
ZKHUH KZ P LV WKH ZHOO GUDZGRZQ EI P FKDUDFWHUL]HV WKH
RUWKRUDGLDO H[WHQW RI WKH IORZ IURQW ZKLFK LV WKH DTXLIHU
WKLFNQHVV LQ GLPHQVLRQ  7KH DQ FRHIILFLHQW LV HTXDO WR
SQ*QZKHUH* LV WKHJDPPDIXQFWLRQ4 PV LV WKH WHVW
UDWH6ZPLVWKHZHOOFDSDFLW\ZKLFKIRUDWHVWZLWKRXWSDFNHU
FRUUHVSRQGV WR LWV IUHH VXUIDFH DUHD )RU WHVWV ZLWK SDFNHUV 6Z
FKDUDFWHUL]HV WKHLUGHIRUPDELOLW\7KHH[FKDQJH UDGLXV UZ P LV
WKH LQQHU UDGLXV RI WKH ZHOO LQ WKH ]RQH RI H[FKDQJH ZLWK WKH
DTXLIHU7KHZHOOVNLQHIIHFWVDUHUHSUHVHQWHGE\DVLQJXODUKHDG
ORVVWKURXJKWKHZHOOVNLQIDFWRUVZ













([DPSOH  VKRZV DQ DSSOLFDWLRQ RI KLJK GLPHQVLRQV DQG
OHDNDQFHIORZVHPSKDVL]LQJWKHLUVLPLODUEHKDYLRXU7KH/KROH
GULOOHG LQ WKH OLPHVWRQHV KDV EHHQ WHVWHG DW  IORZ UDWHV ILJ
'UDZGRZQ FXUYHV VXJJHVW OHDNDJH HIIHFWV RU D KLJK GLPHQVLRQ
IORZ7KHILUVWSXPSVWHSVKRZVIXOO\VWDELOL]HGFXUYHVZKHUHDV
VWHSGRHVQRW7KLVFDQEHH[SODLQHGE\WKHRQVHWRIDFRQGXFW
XQVDWXUDWHG GXULQJ VWHS  DQG VDWXUDWHG GXULQJ VWHS  :LWK





RI VWHSFDQEH ILWWHGDVZHOODVZLWKVLPSOH OHDNDQFHEXW
WKHRWKHUVWHSVDUHZRUVHILWWHG
([DPSOH LVDQDSSOLFDWLRQRI WKH ORZGLPHQVLRQV7KH6%
DQG 6%7 KROHV DUH GULOOHG LQ WKH KDU]EXUJLWHV RI DQ RSKLROLWLF
FRPSOH[ ILJ 0RGHOOLQJ GUDZGRZQV XVLQJ F\OLQGULFDO IORZ
UHTXLUHV WKH LQWURGXFWLRQ RI WLJKW ERXQGDULHV :LWK IUDFWLRQDO
IORZ WKLV W\SHRIEHKDYLRXUFDQEHLQWHUSUHWHGXVLQJDYHU\ORZ
GLPHQVLRQ 7KH EHWWHU ILW LV REWDLQHG IRU D GLPHQVLRQ RI 
FRQVLGHULQJWKDWWKHSLH]RPHWHULQWHUFHSWVWKHILVVXUHVQHWZRUNRI
D GRXEOH SRURVLW\PHGLXP7KH YHU\ ORZGLPHQVLRQ LQGLFDWHV D
SRVVLEOH DQLVRWURS\ DQGRU WKH SUHVHQFH RI PXOWLSOH LPSHUYLRXV
ERXQGDULHV 7KH KLJK YDOXH IRU O   LQGLFDWHV DQ






EH ILWWHG DFFXUDWHO\ ZKHUHDV D GLPHQVLRQ RI  DOORZV ILWWLQJ
VLPXOWDQHRXVO\ WKUHH RI WKH IRXU FXUYHV ZLWK H[DFWO\ WKH VDPH
SDUDPHWHUV 7KH ODVW RQH LPSOLHV RQO\ WR DGG D WRUWXRVLW\
FRHIILFLHQW VOLJKWO\ ODUJHU WKDQSRVVLEO\ OLQNHG WRKLJKHU IORZ
SDWKKHWHURJHQHLW\LQWKDWGLUHFWLRQ
([DPSOH  LV DQ DSSOLFDWLRQ WR D SXPSLQJ WHVW LQ ILVVXUHG
JUDQLWHVVKRZLQJDW\SLFDOUHVXOWV7KHWZRSLH]RPHWHUV,)DQG
,) ORFDWHG DW WKH VDPHGLVWDQFH IURP WKHSXPSLQJZHOO ,)
UHDFWDWWKHVDPHWLPHEXWZLWKGLIIHUHQWDPSOLWXGHVILJ7KH\
DUH ORFDWHG V\PPHWULFDOO\ DSDUW IURP WKH ZHOO WKXV WKHLU
EHKDYLRXUGLIIHUHQFHFDQQRWEHH[SODLQHGE\DQLVRWURS\7KH ILW
ZDVSHUIRUPHGE\FRQVLGHULQJ,)DQG,)LQGLVWLQFWFRQWLQXD










SRURVLW\ DQG OHDNDQFH ' PRGHOV XQLI\LQJ ' ' DQG '
DSSURDFKHV LQ D Q'PRGHOZLWK Q EHHQ D UHDO QXPEHU WDFNLQJ
LQWRDFFRXQWSXPSLQJZHOOVWRUDJHDQGVNLQHIIHFWV$OWKRXJKQRW
FRQVLGHULQJ WKH ILVVXUHVJHRPHWU\DQGSURSHUWLHVRQHE\RQHRU














%DUNHU -  $ JHQHUDOL]HG UDGLDO IORZPRGHO IRU K\GUDXOLF
WHVWVLQIUDFWXUHGURFN:DWHU5HVRXUFHV5HV
+DPP 6 %LGDX[ 3  'XDOSRURVLW\ IUDFWDO PRGHOV IRU
WUDQVLHQWIORZDQDO\VLV LQILVVXUHGURFNV:DWHU5HVRXUFHV5HV























































































































$ E V W U D F W   /RFDWLQJDFWLYHK\GUDXOLF IUDFWXUHVDQGHVWLPDWLQJJURXQGZDWHU IORZUDWHV LQKHWHURJHQHRXVDTXLIHUV LVGLIILFXOWDQG
XVXDOO\ UHTXLUHV GHWDLOHG DQG FRVWO\ ILHOG LQYHVWLJDWLRQV:H SUHVHQW D QHZ FRVW HIIHFWLYHPHWKRG IRU ORFDWLQJPDMRU IUDFWXUHV DQG
HVWLPDWLQJUHODWLYHKRUL]RQWDOIORZUDWHVDWGLIIHUHQWGHSWKVZLWKLQDZHOO7KHWHFKQLTXHLVDQDGDSWDWLRQRIWKHSRLQWGLOXWLRQPHWKRG
EXWUHTXLUHVQRLQIODWDEOHSDFNHUV7KHPHWKRGUHTXLUHVDFRQWUDVWLQDSK\VLFDORUFKHPLFDOSDUDPHWHUEHWZHHQDQDPELHQWZHOOSURILOH










&RQWDPLQDWLRQ RI KHWHURJHQHRXV DTXLIHUV KDV VHHQ WKH
GHYHORSPHQW RI QHZ WHFKQLTXHV WR HVWLPDWH JURXQGZDWHU IORZ
UDWHVRYHUVPDOOVSDWLDOVFDOHVZKHUHWKHLQWHUHVWLVRQHVWLPDWLQJ
FRQWDPLQDQW YHORFLWLHV ZLWKLQ LQGLYLGXDO IUDFWXUHV 15& 
2QH RI WKH PRVW XVHIXO WHFKQLTXHV RULJLQDOO\ GHYHORSHG IRU
SRURXV PHGLXP DTXLIHUV 'URVW HW DO  1RUPDOO\ SRLQW






FRVWHIIHFWLYH ILHOG WHFKQLTXH ZKHUH IUDFWXUH ORFDWLRQV DQG
UHODWLYHIORZUDWHVWKURXJKDZHOOFDQHDVLO\EHGHWHUPLQHGLQWKH
ILHOGE\YLVXDOLQVSHFWLRQRIFRQFHQWUDWLRQWLPHSURILOHV:HDOVR
GHPRQVWUDWH WKH SRWHQWLDO IRU HVWLPDWLQJ IORZ UDWHV XVLQJ WKLV





7KHSRLQWGLOXWLRQPHWKRG LVEDVHGRQ LQMHFWLQJD WUDFHU LQWRDQ
LQWHUYDO RI D ZHOO LVRODWHG E\ SDFNHUV DQG PRQLWRULQJ WKH
FRQFHQWUDWLRQRI WKH WUDFHUZLWK WLPHDV LW LVIOXVKHGE\UHJLRQDO
JURXQGZDWHU IORZ 7KH JURXQGZDWHU IORZ UDWH LV UHODWHG WR WKH
WLPH LW WDNHV IRU WKH WUDFHU WREH UHPRYHGIURPWKH WHVW LQWHUYDO
7KHIDVWHUWKHWUDFHULVUHPRYHGWKHIDVWHUWKHKRUL]RQWDOIORZ)RU













ZKHUH &   FRQFHQWUDWLRQ LQ WKH WHVW LQWHUYDO >0/@ W   WLPH
PHDVXUHGDIWHU LQMHFWLRQRI WKHWUDFHU&f LV WKHFRQFHQWUDWLRQLQ
WKHZHOOSULRUWRLQMHFWLRQRIWKHWUDFHUDVVXPHGWREHHTXDOWRWKH
FRQFHQWUDWLRQ LQ WKH DTXLIHU LQ WKH YLFLQLW\ RI WKH ZHOO &R  
FRQFHQWUDWLRQRIWKHWUDFHULQWKHZHOOLPPHGLDWHO\DIWHULQMHFWLRQ
T LV WKHKRUL]RQWDOIORZUDWHRU'DUF\YHORFLW\WKURXJKWKHWHVW
LQWHUYDO DVVXPHG WR EH FRQVWDQW WKURXJKRXW WKH GXUDWLRQ RI WKH
WHVW>/7@7KHLPSRUWDQWDVVXPSWLRQRIWKHWHVWLVWKDWWKHWUDFHU








EXW FRYHUV WKH HQWLUH ZHOO 7KH ZHOO FROXPQ LV GLVWXUEHG E\
SXPSLQJ ZDWHU IURP WKH ERWWRP RI WKH ZHOO DQG UHLQMHFWLQJ LW
LQWR WKH WRS RI WKH ZHOO VR WKDW QRZDWHU LV UHPRYHG IURP WKH
ZHOO 7KHPHWKRG UHTXLUHV D FRQWUDVW LQ FRQFHQWUDWLRQ EHWZHHQ
ZDWHU LQ WKH ZHOO &f DQG D WUDFHU &R )RU DTXLIHUV ZKHUH
JURXQGZDWHU(&LQFUHDVHVZLWKGHSWKQRDGGHGWUDFHULVUHTXLUHG
)RU FDVHV ZKHUH WKHUH LV QR VWUDWLILFDWLRQ RI (& LQ WKH ZHOO D
FRQFHQWUDWHG WUDFHU VXFK DV 1D&O LV VORZO\ DGGHG LQWR WKH
LQMHFWLRQOLQHIRUWKHZKROHWLPHWKHZHOOLVSXPSHG7KHSXPSLV
TXLFNO\ UHPRYHG DQG (& LV PRQLWRUHG DW GLIIHUHQW WLPHV DV LW
UHWXUQVWRLWVSUHPL[HGFRQFHQWUDWLRQ
8QOLNH VWDQGDUG SRLQW GLOXWLRQ WHVWV WKLV PHWKRG VHHNV WR
H[DPLQH FKDQJHV LQ IORZ UDWH ZLWK GHSWK UDWKHU WKDQ WR PL[
SDFNHGRII]RQHVDQGPHDVXUHDPHDQIORZUDWHIRUWKHLQWHUYDO
+RUL]RQWDOIORZLQWRWKHZHOOFDQEHHVWLPDWHGE\PRQLWRULQJWKH
WLPH UHTXLUHG IRU WKH PL[HG SURILOH &R WR UHWXUQ EDFN WR LWV
RULJLQDO FRQFHQWUDWLRQ &f :KHQ &R DSSURDFKHV &f UDSLGO\
KLJKKRUL]RQWDO IORZFDQEH LQIHUUHG&RQYHUVHO\ ORZKRUL]RQWDO
IORZLVLQIHUUHGZKHQ&RUHWXUQVVORZO\WR&f8QGHUFRQGLWLRQV
RIKRUL]RQWDOIORZWKHFKDQJHVLQFRQFHQWUDWLRQZLWKWLPHDWHDFK
GHSWK VKRXOG EH JLYHQ E\ HTXDWLRQ  ,I YHUWLFDO IORZ LV




$V WKH ZHOO DFWV DV D ]RQH RI KLJK K\GUDXOLF FRQGXFWLYLW\
IORZOLQHVZLOOFRQYHUJHWRZDUGVWKHZHOO)RUDZHOORSHQWRWKH





7KH ILHOG VLWH LV WKH:HQGRXUHH:LQHU\ LQ WKH&ODUH9DOOH\ DQ
LPSRUWDQWYLWLFXOWXUHUHJLRQORFDWHGDSSUR[LPDWHO\NPQRUWK
RI$GHODLGH 6RXWK$XVWUDOLD R¶6 R¶(*URXQGZDWHU




DQG 0D\  FKRVHQ WR UHSUHVHQW VHDVRQDO YDULDWLRQ LQ WKH
ZDWHUWDEOHPEHORZWKHJURXQGVXUIDFHLQ2FWREHUDQGPLQ
0D\ ,Q WKHVH H[SHULPHQWV ZH GLG QRW DGG WUDFHU EXW WRRN
DGYDQWDJH RI WKH QDWXUDO (& VWUDWLILFDWLRQ LQ WKHZHOO )RU ERWK






(& ZDV PRQLWRUHG LQ YHUWLFDO SURILOH DW GLIIHUHQW WLPH SHULRGV
IURPPLQXWHVLPPHGLDWHO\DIWHUUHPRYLQJWKHSXPSXQWLO
GD\VDVLWUHWXUQHGWRLWVSUHPL[HGSURILOH,QERWKH[SHULPHQWVLW
ZDV QRW FULWLFDO WR REWDLQ D SHUIHFWO\PL[HGZHOO SURILOH UDWKHU
ZKDW LV LPSRUWDQW LV WR REWDLQ D GLVWXUEHG FRQFHQWUDWLRQ SURILOH




IORZ D FRPSDUWPHQWDO PL[LQJ FHOO &0& ZDV GHYHORSHG WR
VHSDUDWH WKH HIIHFWV RI KRUL]RQWDO DQG YHUWLFDO IORZ7KHZHOO LV
GLYLGHGLQWRDRQHGLPHQVLRQDOYHUWLFDOGRPDLQWKDWLVGLVFUHWL]HG
LQWRDQXPEHURIFHOOV(DFKFHOO UHFHLYHV LQSXWVRIPDVV ZDWHU
DQGVROXWHERWKKRUL]RQWDOO\IURPWKHDTXLIHUDQGYHUWLFDOO\IURP







GHWDLO )ORZ LV UHODWLYHO\ UDSLG DQG DSSHDUV SUHGRPLQDQWO\
KRUL]RQWDOLQWKHWRSPRIWKHZHOODOWKRXJKOHVVUDSLGWKDQLQ
2FWREHU  ZKHQ WKH ZDWHU WDEOH ZDV KLJKHU %HORZ  P
KRUL]RQWDO IORZ GHFUHDVHV VLJQLILFDQWO\ %HORZ  P WKHUH LV
FRPSRQHQWRIYHUWLFDOIORZLQWKHERUHIURPDVRXUFHEHORZP
7KLV XSZDUG IORZ LV FDOFXODWHG WR EH DSSUR[LPDWHO\  PGD\
IURPWKHWHPSRUDOFKDQJHVLQWKH(&SURILOH
$Q LQVSHFWLRQ RI WKH(&SURILOHV SURYLGHV HYLGHQFH IRU WKH
ORFDWLRQRIDFWLYHIUDFWXUHVDWGHSWKVRIDQGPEDVHG
RQ WURXJKV LQ WKH RULJLQDO PL[HG SURILOH &R 7KH LQLWLDO (&
SURILOHZDVILUVWORJJHGPLQXWHVDIWHUPL[LQJKRZHYHUHYHQDW
















(VWLPDWLQJ JURXQGZDWHU IORZ UDWH LV QRWRULRXVO\ GLIILFXOW $V
DTXLIHU KHWHURJHQHLW\ LQFUHDVHV VR GRHV WKH GLIILFXOW\ LQ
FDOFXODWLQJ IORZUDWHV XVLQJ FRQYHQWLRQDO WHFKQLTXHV :H KDYH
GHYHORSHG D QHZ WHFKQLTXH WKH :HOO 'LOXWLRQ PHWKRG WKDW
HOLPLQDWHV VRPH RI WKH WKHVH GLIILFXOWLHV E\ SURYLGLQJ D GLUHFW
PHDVXUHPHQW RI JURXQGZDWHU IORZZLWKRXW SULRU NQRZOHGJHV RI
DTXLIHU SURSHUWRLHV 7KH :HOO 'LOXWLRQ WHVWV ORFDWHV IORZLQJ





'URVW : .ORW] ' .RFK $ 0RVHU + 1HXPDLHU ) 5DXHUW:
 3RLQW GLOXWLRQ PHWKRGV RI LQYHVWLJDWLQJ JURXQG ZDWHU
IORZ E\ PHDQV RI UDGLRDFWLYH LVRWRSHV :DWHU 5HVRXU 5HV

/RYH $- &RRN 3* +DUULQJWRQ *$ 6LPPRQV &7 
*URXQGZDWHU IORZ LQ WKH&ODUH9DOOH\'HSDUWPHQW IRU:DWHU
5HVRXUFHV6RXWK$XVWUDOLD5HSRUW':5SS
1DWLRQDO 5HVHDUFK &RXQFLO 15&  5RFN IUDFWXUHV DQG

























$ E V W U D F W   'XHWRWKHLUZHDNLQWHUDFWLRQZLWKPDWWHUWKHUPDOQHXWURQVDUHKLJKO\SHQHWUDWLQJDQGFDQEHXVHGDVDQRQGHVWUXFWLYH
SUREHIRUFRPSOH[VWUXFWXUHV$VZDWHUKDVDKLJKPDFURVFRSLFFURVVVHFWLRQQHXWURQUDGLRJUDSK\LVVXLWDEOHWRLQYHVWLJDWHPRLVWXUH
FRQWHQWRI URFNVDPSOHV:HXVHQHXWURQ WRPRJUDSK\ WRYLVXDOL]H LPELELWLRQDQGGUDLQDJH LQDFRUHFRQWDLQLQJD IDXOWJRXJHILOOHG









+HWHURJHQHLW\ RI IUDFWXUH SURSHUWLHV PD\ \LHOG XQHYHQO\




URFNV LW LV GHVLUDEOH WR GLUHFWO\ REVHUYH IORZ DQG WUDQVSRUW
SKHQRPHQD DQG DVVHVV ZKHWKHU WKH IORZ WDNHV SODFH LQ IHZ
SUHIHUHQWLDOSDWKVRULVHYHQO\GLVWULEXWHGRYHUWKHZKROHIUDFWXUH
1RQGHVWUXFWLYH LQYHVWLJDWLRQRI WZRSKDVH IORZLQDJUDQLWH
FRUHZDV DWWHPSWHG E\&KHQ DQG.LQ]HOEDFK  E\ QXFOHDU
PDJQHWLF UHVRQDQFH 105+RZHYHU GXH WR WKH SDUDPDJQHWLF
SURSHUWLHV RI JUDQLWH RQO\ ORZLQWHQVLW\PDJQHWLF ILHOGV FDQ EH
DSSOLHGZKLFKGRQRWDOORZKLJKUHVROXWLRQRQO\DQRYHUDOOSRUH
VL]H GLVWULEXWLRQ FDQ EH PHDVXUHG UHOLDEO\ $ WHFKQLTXH WKDW
DOORZV EHWWHU VSDWLDO GLVWULEXWLRQ LV QHXWURQ UDGLRJUDSK\ 7KLV
WHFKQRORJ\ ZDV XVHG LQ WKH SDVW WR LQYHVWLJDWH WKH PRLVWXUH
GLVWULEXWLRQLQGLIIHUHQWPDWHULDOV/HKPDQQDQG9RQWREHO
3OHLQHUW HW DO 3OHLQHUW DQG'HJXHOGUH'HJXHOGUH HW
DO :HXVHQHXWURQ UDGLRJUDSK\ WR LQYHVWLJDWH WZRSKDVH
IORZLQDFRUHFRQWDLQLQJDIDXOWJRXJHILOOHGIUDFWXUH:HVWXG\








E\ WKH VLPSOH H[SRQHQWLDO DWWHQXDWLRQ ODZ LH ,   , H[S±6G
ZKHUH , LV WKH LQWHQVLW\RI WKH WUDQVPLWWHGEHDP >QFPV@ , WKH
LQWHQVLW\ RI WKH LQFLGHQW EHDP >QFPV@ G WKH WKLFNQHVV RI WKH
VDPSOH >FP@ DQG 6 WKH PDFURVFRSLF FURVV VHFWLRQ >FP@
'HYLDWLRQVKDYHWREHH[SHFWHGDQGWDNHQLQWRDFFRXQWIRUWKLFN
VDPSOHV RU VWURQJO\ LQWHUDFWLQJ PDWHULDO 6LQFH GLIIHUHQW
PDWHULDOV KDYH D GLIIHUHQW PDFURVFRSLF FURVV VHFWLRQ E\
FRPSDULVRQEHWZHHQWKHLQFLGHQWDQGWUDQVPLWWHGEHDPVZHFDQ
REWDLQLQIRUPDWLRQDERXWWKHVDPSOHFRPSRVLWLRQ'XHWRWKHKLJK
PDFURVFRSLF FURVV VHFWLRQ RI ZDWHU QHXWURQ UDGLRJUDSK\
UHSUHVHQWVDSRZHUIXOWRROWRLQYHVWLJDWHPRLVWXUHGLVWULEXWLRQV
2XU H[SHULPHQW LV SHUIRUPHG DW WKH 1(875$ UDGLRJUDSK\
IDFLOLW\RIWKH3DXO6FKHUUHU,QVWLWXWHLQ9LOOLJHQ$*6ZLW]HUODQG
± KWWSQHXWUDZHESVLFK 7KH LQFLGHQW EHDP RI WKHUPDO












7KH FRUH ZDV GULOOHG LQ WKH *ULPVHO *UDQRGLRULWH DW WKH *$0
H[SHULPHQWDO VLWH LQ WKH *ULPVHO 8QGHUJURXQG /DERUDWRU\ %(
6ZLW]HUODQG$W WKHXSSHUIDFHIRXUIUDFWXUHVDUHYLVLEOHZKLFK
FRQWDLQDQRQFRKHVLYHIDXOWJRXJHPDWHULDO$SUHOLPLQDU\[UD\
&7 LQYHVWLJDWLRQ ZDV SHUIRUPHG LQ RUGHU WR DVVHVV WKH LQWHUQDO
VWUXFWXUH RI WKH FRUH DQG FKRRVH D IUDFWXUH IRU WKH H[SHULPHQWV
ZKLFK LVZHOOVHSDUDWHGIURPWKHRWKHUV7KLVDOORZVSHUIRUPLQJ




PRUWDU LQRUGHU WRSUHYHQWDVLJQLILFDQWVHFRQGDU\ IORZEHWZHHQ
$OWXEHDQGJUDQLWH$IWHUGU\LQJDW&IRUDERXWWZRZHHNVD
OD\HURI VLOLFRQ LV VSUHDGRQ WKH WZR IDFHVRI WKH VDPSOHH[FHSW
WKH DUHD FRUUHVSRQGLQJ WR WKH IUDFWXUH WKDW LV VHOHFWHG IRU WKH
H[SHULPHQW7KLVLVLQWHQGHGWRVHDOWKHRWKHUIUDFWXUHVDVZHOODV




)LJXUH  7RSOHIW FRUQHU'U\VDPSOH UDGLRJUDSK\ SURMHFWLRQ
LQ WKH GLUHFWLRQ SHUSHQGLFXODU WR WKH IORZ 7RS FHQWHU WR
ERWWRPULJKW FRUQHU UDWLRV RI WKH UDGLRJUDSK\ DW GLIIHUHQW
WLPHV DIWHU FDSLOODU\ LPELELWLRQ VWDUWHG DQG WKH GU\ VDPSOH









$ ILUVW H[SHULPHQW LV DLPHG RI YLVXDOL]LQJ WKH FDSLOODU\ ULVH RI
ZDWHU LQ WKH GU\ VDPSOH %\ FRPSDULQJ WKH WUDQVPLVVLRQ RI
QHXWURQV WKURXJK WKH VDPSOH EHIRUH DQG DIWHU LPELELWLRQ ZH
REWDLQLQIRUPDWLRQRQWKHZDWHUGLVWULEXWLRQ'XHWRWKHWKLFNQHVV
RI WKHFRUH D UHODWLYHO\ ORQJH[SRVLWLRQ WLPH DURXQG VHF LV
QHHGHG LQ RUGHU WR JXDUDQWHH DQ DGHTXDWH LQWHQVLW\ RI WKH
WUDQVPLWWHGEHDPDQGDVDWLVIDFWRU\LPDJHUHVROXWLRQ





ZHWWLQJ IURQW GLVSODFHPHQW E\ ' UDGLRJUDSKLHV (DFK LPDJH
DFTXLUHGDWDFHUWDLQWLPHVWHSLVQRUPDOL]HGE\WKHUDGLRJUDSK\
RI WKH GU\ VDPSOH VXFK WKDW GLIIHUHQFHV IURP WKH GU\ VWDWH DUH
KLJKOLJKWHGDQGZDWHUGLVWULEXWLRQUHVXOWVILJ7KHIURQWULVHV
UDSLGO\ DQG DIWHU D IHZ PLQXWHV WKH ZDWHU DSSHDUV LUUHJXODUO\
GLVWULEXWHG $IWHU WKDW DQ LQFUHDVH RI PRLVWXUH FRQWHQW LQ WKH
DOUHDG\ ZHW UHJLRQV LV REVHUYHG :H VXJJHVW WKDW WKLV UHIOHFWV
QRQQHJOLJLEOH FRQGXFWLYLW\ HIIHFWV GXULQJ XQVWHDG\ LPELELWLRQ
HYHQLIWKHKHLJKWRIWKHFDSLOODU\ULVHLVFRPSOHWHO\GHWHUPLQHG
E\FDSLOODULW\LPELELWLRQPLJKWEHVORZHULIFRQGXFWLYLW\LVORZ
:H DOVR REVHUYHG D WHQGHQF\ IRU ZDWHU WR DFFXPXODWH DW WKH
ERXQGDULHV'HVSLWHRIWKHHIIRUWPDGHLQRUGHUQRWWRGLVWXUEWKH




WRPRJUDSKLF LPDJH RI WKH LPELEHG VDPSOH LV DFTXLUHG DQG
FRPSDUHGZLWKWKHWRPRJUDSK\RIWKHGU\VDPSOH,WFDQDOVREH
REVHUYHG WKDWZDWHU LVQRWXQLIRUPO\GLVWULEXWHGDQGDLUEXEEOHV
YLVLEOH DVZKLWH VSRWV DUHSUHVHQW7KLV LVGXH WR WKHQDWXUHRI
WKHFDSLOODU\IRUFHWKDWVXFNVZDWHULQWRWKHVPDOOSRUHVZKHUHDV
ODUJHSRUHVDUHILOOHGE\DLU
)LJXUH  5DWLR RI WKH VDWXUDWHGVDPSOH WRPRJUDSK\ WR WKH
GUDLQHGVDPSOH WRPRJUDSK\ IRU D VHOHFWHG YROXPH %ODFN
FRUUHVSRQGV WRKLJKHUZDWHUFRQWHQW LQ WKHVDWXUDWHGVDPSOH






$IWHU WKH FDSLOODU\ULVH H[SHULPHQW WKH VDPSOH LV GULHG DW &
IRU RYHU D PRQWK 7KHQ WKH FRUH LV VDWXUDWHG XQGHU YDFXXP
FRQGLWLRQVZLWKGHJDVVHGZDWHUXQGIOXVKHGIRURYHUKRXUV$
WRPRJUDSKLFLPDJHLVDFTXLUHGZKLFKVKRZVWKH'GLVWULEXWLRQ
RI WKHZDWHU SKDVH LQ WKH VDPSOH$QRQFRPSOHWH VDWXUDWLRQRI
WKH IUDFWXUH VHOHFWHG IRU WKH H[SHULPHQW LV REVHUYHG D IHZ DLU
EXEEOHV DUH VWLOO HQWUDSSHG LQ WKH IUDFWXUH ,Q FRQWUDVW WKHRWKHU
IUDFWXUHV DUH SDUWLDOO\ ILOOHG ZLWK ZDWHU GHVSLWH RI WKH VLOLFRQ
OD\HU DLPHG WR PDNH WKHP LPSHUPHDEOH WR WKH IORZ 7KH ODUJH
DPRXQW RI ZDWHU LQ WKH VDWXUDWHG VDPSOH VWURQJO\ UHGXFHV WKH
WUDQVPLVVLRQ RI QHXWURQV DQG PDNHV WKH VLJQDO WR QRLVH UDWLR
ZRUVH WKDQ LQ WKH FDSLOODU\ULVH H[SHULPHQW )RU WKHVH UHDVRQV
OLWWOH FDQ EH REVHUYHG E\ ' UDGLRJUDSK\ DQG QR VDWLVIDFWRU\




SUHVVXUHD WRPRJUDSKLF LPDJH LVDFTXLUHG%\ LQVSHFWLRQRI WKH
HQWLUH ' LPDJHQRSUHIHUHQWLDO SDWK IRU DLU IORZ LVREVHUYHGDW
WKH ERXQGDULHV 7KLV VXJJHVWV WKDW WKH IUDFWXUH ERXQGDULHVZHUH
QRW GLVWXUEHG E\ FRUH SURFHVVLQJ ZKLFK ZRXOG SURGXFH KLJKHU
DQGEHWWHUFRQQHFWHGSRUHVE\IOXVKLQJWKHIDXOWJRXJH:HVHOHFW
DSDUDOOHOHSLSHGFRQWDLQLQJWKHIUDFWXUHDQGZHFRPSXWHWKHUDWLR
RI WKH VDWXUDWHGVDPSOH WRPRJUDSK\ WR WKH GUDLQHGVDPSOH
WRPRJUDSK\$UHSUHVHQWDWLRQRIWKHUHVXOWLVVKRZQLQILJ7KH
IUDFWXUHLVZHOOYLVLEOHDQGOLHVLQDYHUWLFDOSODQHLQWKHPLGGOHRI
WKH YROXPH 7KH GDUNHU UHJLRQV FRUUHVSRQG WR KLJKHU ZDWHU
FRQWHQW LQ WKH VDWXUDWHGVDPSOH WKDQ LQ WKHGUDLQHGVDPSOH WKXV







1HXWURQ UDGLRJUDSK\ RIIHUV D JRRG WRRO IRU QRQGHVWUXFWLYH
LQYHVWLJDWLRQRIJUDQLWHVDPSOHV'XHWRWKHZHDNLQWHUDFWLRQZLWK
WKHFRUHDQGWKHKLJKPDFURVFRSLFFURVVVHFWLRQRIZDWHUQHXWURQ
UDGLRJUDSK\ SURYLGHV D JRRG LQVWUXPHQW IRU YLVXDOL]DWLRQ RI
FRQGXFWLYHSDWKVWKHZDWHUHQKDQFHVWKHYLVLELOLW\RIWKHSRURVLW\
E\ VWURQJ DWWHQXDWLRQ RI WKH QHXWURQ EHDP 7KLV DOORZV
KLJKOLJKWLQJ WKH SDUW RI WKH SRURVLW\ ZKLFK WDNHV SDUW LQ D
SDUWLFXODUSURFHVV




DOUHDG\ ZHW UHJLRQ LV REVHUYHG :H VXJJHVW WKDW ZDWHU UDSLGO\
ILOOVDZHOOFRQQHFWHGSRURVLW\DQGWKHQLWLVVXFNHGVORZO\LQWRD
SRRUFRQQHFWHG SRURVLW\ 6LQFH RQO\ ' SURMHFWLRQV RI WKH
G\QDPLF SURFHVV DUH DYDLODEOH EHFDXVH RI WHPSRUDOUHVROXWLRQ
FRQVWUDLQWV LW LV QRW HDV\ WR XQGHUVWDQG ZKHWKHU WKH SRRUO\
FRQQHFWHGSRURVLW\FRQVLVWVH[FOXVLYHO\RIIDXOWJRXJHPDWHULDORU
LQFOXGHV WKH JUDQLWH PDWUL[ 1HYHUWKHOHVV WKH PXFK VPDOOHU
FRQQHFWLYLW\DQGSRURVLW\DIWHU&KHQDQG.LQ]HOEDFK
VXJJHVW WKDW WKH DPRXQW RI ZDWHU LPELEHG LQWR WKH PDWUL[ LV
QHJOLJLEOH 7KLV GRXEOH SRURVLW\ PRGHO LV FRQVLVWHQW ZLWK
VKULQNLQJ RI WKH IDXOWJRXJH ZKHQ GU\LQJ ZKLFK KDV EHHQ
REVHUYHG &KHQ DQG .LQ]HOEDFK  :H VXJJHVW WKDW ZDWHU






DLU IURQW 'HVSLWH RI WKH HIIRUW WR VDWXUDWH RQO\ RQH RI WKH IRXU
IUDFWXUHVLQWKHFRUHZDWHUSHQHWUDWHVDOORIWKHPZKLFK\LHOGVD
VWURQJ DWWHQXDWLRQ RI WKH QHXWURQ EHDPV VXFK WKDW IXOO\ '
LQIRUPDWLRQ LV QHHGHG WR REWDLQ WKH QHFHVVDU\ UHVROXWLRQ DQG
REVHUYHYDULDWLRQVRIWKHPRLVWXUHFRQWHQW$IWHUGUDLQDJHWKHDLU
SKDVHLQWKHIUDFWXUHLVYHU\LUUHJXODUO\GLVWULEXWHGZKLFKWHVWLILHV






'HJXHOGUH & 3OHLQHUW + 0DJXLUH 3 /HKPDQ ( 0LVVLPHHU -
+DPPHU-/HHQGHUV.%|FN+7RZQVHQG'3RURVLW\
DQG SDWKZD\ GHWHUPLQDWLRQ LQ FU\VWDOOLQH URFN E\ SRVLWURQ
HPLVVLRQDQGQHXWURQUDGLRJUDSK\(DUWK3ODQHW6F/HWW

/HKPDQQ (+ 9RQWREHO 3  ,QYHVWLJDWLRQ RI K\GURJHQ
GLVWULEXWLRQV LQYDULRXVEDVHPDWHULDOVE\QHXWURQ UDGLRJUDSK\




/XQDWL , .LQ]HOEDFK : 6¡UHQVHQ ,  (IIHFWV RI SRUH
YROXPHWUDQVPLVVLYLW\ FRUUHODWLRQ RQ WUDQVSRUW SKHQRPHQD -
&RQWDP+\GUROLQSUHVV
3OHLQHUW + 6DGRXNL + :LWWPDQ )+  'HWHUPLQDWLRQ RI
PRLVWXUHGLVWULEXWLRQV LQSRURXVEXLOGLQJPDWHULDOVE\QHXWURQ
WUDQVPLVVLRQDQDO\VLV0DWHULDODQG6WUXFWXUHV
3OHLQHUW + 'HJXHOGUH &  1HXWURQ UDGLRJUDSKLF


















$ E V W U D F W   7KHZDWHU OHYHOPRWLRQ LQDSLH]RPHWHUFDQEHLQLWLDWHGE\FRPSUHVVLRQRUVXFWLRQRI WKHDLU LQDVHDOHGSLH]RPHWHU
VOXJWHVWEDLOWHVWSDUDPH[WHVW7KHPDWKHPDWLFDOPRGHORIWKHIUHHUHWXUQRIWKHZDWHUOHYHOWRWKHVWDWLFSRVLWLRQFRPSULVHVWZR
FDVHV RIPRWLRQ GDPSHG RVFLOODWLRQV DQG DSHULRGLFDO H[SRQHQWLDOPRWLRQ+RZHYHU GXULQJ RQVLWH H[DPLQDWLRQ RI WKH K\GUDXOLF
FRQGXFWLYLW\FRHIILFLHQWRIIUDFWXUHGURFNVXVLQJWKHSDUDPH[WHVWDQDW\SLFDOFDVHRI WKHZDWHU OHYHOPRWLRQLQWKHSLH]RPHWHUZDV
HQFRXQWHUHG VHYHUDO WLPHV 7KH IXQFWLRQ V VW SURYHG WR EH D VXSHUSRVLWLRQ RI GDPSHGRVFLOODWLRQV DQG DSHULRGLFDO H[SRQHQWLDO
PRWLRQ,WKDVEHHQDVVXPHGWKDWWKHILOWHUHGDTXLIHULVFKDUDFWHUL]HGE\GRXEOHWUDQVPLVLYLW\LQWKHVHFDVHV7KHRVFLOODWRU\FRPSRQHQW
RI WKHZDWHU OHYHOPRWLRQ FKDUDFWHUL]HV WKHK\GUDXOLF FRQGXFWLYLW\ FRHIILFLHQWRI WKH IUDFWXUH V\VWHP7KHDSHULRGLFDO H[SRQHQWLDO






7KH 3$5$0(; PHWKRG HQDEOHV RQVLWH GHWHUPLQDWLRQ RI
K\GUDXOLFFRQGXFWLYLW\FRHIILFLHQWDQGSHUPHDELOLW\RIWKHDTXLIHU
LQ WKHYLFLQLW\RI WKHH[DPLQHGSLH]RPHWHU,W LVDOVRSRVVLEOHWR
DSSO\ LW WR HYDOXDWH WKH WHFKQLFDO VWDWH RI D SLH]RPHWHU'XULQJ
SLH]RPHWHU H[DPLQDWLRQ E\ PHDQV RI WKH 3$5$0(; PHWKRG
ZDWHU OHYHOPRWLRQ LV LQLWLDWHG E\ DLU FRPSUHVVLRQ RU VXFWLRQ LQ
WKHVHDOHGRYHUZHOOVFUHHQSLSH7KHUDWHRIWKHPRWLRQGHSHQGV
ERWK RQ K\GURJHRORJLFDO SDUDPHWHUV RI WKH DTXLIHU DQG RQ WKH
FRQVWUXFWLRQSDUDPHWHUVRIWKHSLH]RPHWHU0DUFLQLDN7KH
JRDORI WKHPHDVXUHPHQW LV WR UHFRUG WKH IXQFWLRQ V VWRI WKH
ZDWHU OHYHO PRWLRQ LQ WKH SLH]RPHWHU GXULQJ ERWK FRPSUHVVLQJ
DQG VXFNLQJ RI WKH DLU 3$5$0(; FDQ EH FRQVLGHUHG DV DQ
³H[SUHVV´ PHWKRG RI GHWHUPLQLQJ WKH K\GUDXOLF FRQGXFWLYLW\
FRHIILFLHQW RI DTXLIHUV DPRQJ WKH VOXJEDLO WHVW JURXS )HWWHU
 7KHPDWKHPDWLFDO PRGHO RI WKH IUHH UHWXUQ RI WKHZDWHU

















DQ HIIHFW RI GRXEOH K\GUDXOLF SHUPHDELOLW\ RI ILVVXUH ERGLHV
0DáRV]HZVNL DQG =XEHU  7KH IXQFWLRQ V VW LV WKHQ D
VXSHUSRVLWLRQRIGDPSHGRVFLOODWLRQVDQGDSHULRGLFH[SRQHQWLDO
PRWLRQ 7KH RVFLOODWRU\ FRPSRQHQW RI WKH ZDWHU OHYHO PRWLRQ
FKDUDFWHUL]HV WKH K\GUDXOLF SHUPHDELOLW\ RI WKH ILVVXUH V\VWHP
7KHDSHULRGLFH[SRQHQWLDOFRPSRQHQWRIWKHZDWHUOHYHOPRWLRQ
FKDUDFWHUL]HV WKH K\GUDXOLF SHUPHDELOLW\ RI WKH EHGURFN ,Q WKH
LQLWLDOSKDVHRIWKHZDWHUOHYHOPRWLRQDQLQIORZRIZDWHULQWRWKH
)LJXUH:DWHUOHYHOPRWLRQLQWKH&SLH]RPHWHU
: DSQ R S L H ] RP H WH U & 
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SLH]RPHWHU WKURXJK WKH V\VWHP RI ILVVXUHV DQG IUDFWXUHV FDQ EH
REVHUYHG ,Q WKH ILQDO SKDVH SHUPHDELOLW\RI WKHEHGURFNFDPH
LQWR SOD\ 7KH K\GUDXOLF FRQGXFWLYLW\ FRHIILFLHQW RI WKH ILVVXUH
DQGIUDFWXUHV\VWHPFDQEHFRPSXWHGRQWKHEDVLVRIWKHGDPSHG
RVFLOODWLRQV SDUW 7KH K\GUDXOLF FRQGXFWLYLW\ FRHIILFLHQW RI WKH
EHGURFNFDQEHFRPSXWHGRQWKHEDVLVRIWKHDSHULRGLFSDUW
7KH LQWHUSUHWDWLRQ VKRXOG EH VWDUWHG ZLWK VHSDUDWLRQ RI KH
UHFRUGHGIXQFWLRQV VWLQWRWKHWZRFRPSRQHQWV







 VLQH[S WWWVWVRVF EZEZ   
ZKHUH V LV WKH LQLWLDO GHSUHVVLRQ E  WKH RVFLOODWLRQ GDPSLQJ






 WVWVWVDSU JEE  ¹¸
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
ZKHUHJLVWKHH[SRQHQW
,QFDVHRIDLUFRPSUHVVLRQ H[S  WVVVV IIDSU J DQGLQ
FDVH RI DLU VXFWLRQ H[S  WVVVV IIDSU J  7KH H[SRQHQW J
FDQ EH GHWHUPLQHG IURP WKH DSHULRGLF SDUW RI WKH ZDWHU OHYHO
PRWLRQ 7KH GHSUHVVLRQV V DQG VI DUH WKH LQLWLDO DQG WKH IL[HG
ZDWHU OHYHO GHSUHVVLRQ GXULQJ WKH 3$5$0(; PHWKRG
H[DPLQDWLRQ UHVSHFWLYHO\ 7KH SURSRVHG PHWKRGRORJ\ RI
LQWHUSUHWDWLRQLVLOOXVWUDWHGE\ILJ
,Q WKH H[DPSOH SUHVHQWHG DERYH WKH K\GUDXOLF FRQGXFWLYLW\
FRHIILFLHQWRIWKHILVVXUHV\VWHPZDVKLJKLQFRPSDULVRQZLWKWKH




RFFXU ZKHQ WKH ILVVXUH V\VWHP DQG KH EHGURFN KDYH ILOWUDWLRQ
SDUDPHWHUVRIFRPSDUDEOHPDJQLWXGH,QVXFKFDVHERWKWKHLQLWLDO
DQG WKH ILQDO SKDVHV RI WKH ZDWHU OHYHO PRWLRQ ZLOO KDYH DQ
DSHULRGLFFKDUDFWHUZLWKGLIIHUHQWYDOXHVRIWKHH[SRQHQWJ7KLV
FDVH ZLOO EH PXFK PRUH GLIILFXOW WR LGHQWLI\ EHFDXVH WKH









SRVVLEOH WR FRPSXWH WKH K\GUDXOLF FRQGXFWLYLW\ FRHIILFLHQW IRU
ERWK WKH V\VWHP RI FDYLWLHV DQG ILVVXUHV DQG WKH EHGURFN 7KH
UHVXOWVDUHSUHVHQWHGLQ7DE











UHJLRQ RI WKH VDOW GRPH LQ:DSQR LQGLFDWH QHZ SRVVLELOLWLHV RI
DSSOLFDWLRQ RI WKH 3$5$0(; PHWKRG IRU LGHQWLILFDWLRQ RI






)HWWHU &:  $SSOLHG K\GURJHRORJ\ 3UHQWLFH+DOO
(QJOHZRRG&OLIIV
0DáRV]HZVNL 3 =XEHU $  2Q WKH WKHRU\ RI WUDFHUV
H[SHULPHQWV LQ ILVVXUHG URFNV ZLWK D SRURXV PDWUL[ -
+\GURORJ\
0DUFLQLDN 0  ,GHQWLILFDWLRQ RI K\GUDXOLF FRQGXFWLYLW\
FRHIILFLHQW RI DTXLIHUVXVLQJ WKH3$5$0(; WHVW ^,Q`6HLOHU








































$ E V W U D F W   7KUHH GLPHQVLRQDO IORZ DQG WUDQVSRUW LQ IUDFWXUHG SRURXV URFNV LV FRPPRQO\ HQFRXQWHUHG LQ UHDOLW\ EXW H[WUHPHO\
GLIILFXOWWRPRGHODFFXUDWHO\$WDGLVFUHWHODERUDWRU\VPDOOVFDOHW\SLFDOO\RIWKHRUGHURIFPLQGLYLGXDOSURFHVVHVDQGSDUDPHWHUV











'HVFULELQJ WKH IUDFWXUHG SRURXV V\VWHP IURP D SURFHVV
SHUVSHFWLYHDQGVLPSOLI\LQJWKHLQSXWSDUDPHWHUVVRWKDWRQO\WKH
GRPLQDQWPHFKDQLVPVDUH UHSUHVHQWHGJLYHVDQHIILFLHQWPHWKRG
WR GHWHUPLQH WKH VSDWLDO YDULDWLRQ LQ IORZ DQG WUDQVSRUW LQ WKH
VDPSOHV+HUHDSURFHVVRULHQWDWHGPXOWLGLPHQVLRQDOPRGHOOLQJ
DSSURDFK KDV EHHQ GHYHORSHG ZKLFK LV XVHG WR DQDO\VH




0F'HUPRWW HW DO D SUHVHQW H[SHULPHQWDO HTXLSPHQW
WKH PXOWLSOH LQSXW RXWSXW MDFNHW 0,2- IRU WKH WRPRJUDSKLFDO
LQYHVWLJDWLRQRIKLJKO\IUDFWXUHGSRURXVVDQGVWRQHVDPSOHVILJ
7KH UHFRYHU\RI WKHVH VDPSOHV LVGLVFXVVHG LQ0F'HUPRWWHWDO
E 7KLV H[SHULPHQWDO FHOO DOORZV WKH GLUHFWLRQDO
GHWHUPLQDWLRQRIIORZDQGWUDQVSRUWSDUDPHWHUVIRUSRLQWWRSRLQW


















:LWKLQ WKH0,2- WKHUH DUH WKUHH W\SHV RI IORZ ILHOGZKLFK
FRPELQH WR IRUP WKH VWDEOH IORZ FRQGLWLRQV HQFRXQWHUHG
WKURXJKRXW WKH H[SHULPHQWDO VHULHV 7KHVH FRQVLVW RI ZKDW WKH
DXWKRUV WHUP WKHRQHGLPHQVLRQDO IORZILHOGZKHUHXQGHUVWHDG\
VWDWHFRQGLWLRQV WKHSUHVVXUHKHDGYDULHVRQO\ LQRQHGLPHQVLRQ
WKH WZR GLPHQVLRQDO IORZ ILHOG ZKHUH XQGHU VWHDG\ VWDWH
FRQGLWLRQVWKHSUHVVXUHKHDGYDULHVLQWZRGLPHQVLRQVDQGWKLUGO\




















+DGHUPDQQ  )RU H[DPSOH WKH WZR GLPHQVLRQDO IORZ ILHOG
FDQEHJHQHUDWHGE\VRPHIRUPRIORQJLWXGLQDOO\FRQWLQXRXVLQSXW
DQG H[WUDFWLRQ DFURVV DQ DTXLIHU VXFK DV WZR ERUHKROHV IXOO\
SHQHWUDWLQJDQDTXLIHURULQWKHFDVHRIWKH0,2-DORQJLWXGLQDO
LQMHFWLRQFRXSOHGZLWKORQJLWXGLQDOH[WUDFWLRQDFURVVWKHFHOO7KH
WKUHH GLPHQVLRQDO IORZ ILHOG FRXOG EH JHQHUDWHG E\ SDUWLDO
SHQHWUDWLRQ RI DQ DTXLIHU E\ D WZRZHOO V\VWHPRU D FLUFXODWLRQ
ZHOO LQ WKH FDVH RI WKH 0,2- D SRLQW LQMHFWLRQ DQG SRLQW




,Q 0F'HUPRWW HW DO D WKH UHVXOWV RI D VLPSOH RQH
GLPHQVLRQDO PRGHO IRU WKH LQLWLDO LQWHUSUHWDWLRQ RI WKH
H[SHULPHQWDO UHVXOWV LV SUHVHQWHG +RZHYHU DV QRWHG WKLV LV DQ
RYHUVLPSOLILFDWLRQ RI WKH IORZ DQG WUDQVSRUW VLJQDO ZKLFK LV LQ
UHDOLW\ GHSHQGHQW RQ WKH WKUHH GLPHQVLRQDO JHRPHWU\ RI WKH
V\VWHP,QRUGHUWRHQDEOHDPRUHDFFXUDWHGHWHUPLQDWLRQRIWKHVH
SDUDPHWHUVDWKUHHGLPHQVLRQDOVWUHDPWXEHPRGHOZDVGHYHORSHG
0F'HUPRWW  WR SURYLGH D EDVH XSRQ ZKLFK WKH
H[SHULPHQWDO UHVXOWV FRXOG EH FRPSDUHG 7KH SULQFLSOHV EHKLQG





























































7KLV DVVXPSWLRQ DQGPRGHOOLQJ RI WKH YDULRXV SHUWXUEDWLRQV
LQ WKH V\VWHPZDV FRPSDUHGZLWK H[SHULPHQWDO UHVXOWV IRU IORZ
DQG WUDFHU WUDQVSRUW KHOLXP LQDVLPSOLILHGTXDVLKRPRJHQHRXV
VDPSOHDQGZLWKDILQLWHHOHPHQWPRGHORIWKHV\VWHPILJ2QFH
WKH EDVLV IRU WKH FRPSDULVRQ RI WKH UHVXOWVZDV HVWDEOLVKHG WKH
PRGHOZDVXVHGWRDQDO\VHUHVXOWVIURPKLJKO\IUDFWXUHGVDPSOHV
WR GHULYH WZR DQG WKUHH GLPHQVLRQDO IORZ DQG WUDQVSRUW WHQVRU
ILHOGV ILJ DQG  7KHVH LUUHJXODU WHQVRU ILHOGV DOORZ WKH
SUHGLFWLRQRIWKHIORZDQGWUDQVSRUWEHKDYLRXUDWWKHVFDOHRIWKH
VDPSOH EHLQJ LQYHVWLJDWHG DQG FRPSDULVRQ RI VHYHUDO GLIIHUHQW









































)LJXUH  ([DPSOH RI D WKUHH GLPHQVLRQDO LUUHJXODU K\GUDXOLF






'DWWD*XSWD $ <RRQ 6 9DVFR ': 3RSH *$  ,QYHUVH
PRGHOOLQJ RI SDUWLWLRQLQJ LQWHUZHOO WUDFHU WHVWV $ VWUHDPOLQH
DSSURDFK:DWHU5HVRXUFHV5HVHDUFK
+HHU : +DGHUPDQQ -  *ULPVHO 7HVW 6LWH 0RGHOOLQJ
5DGLRQXFOLGH0LJUDWLRQ)LHOG([SHULPHQWV36,%HULFKW1U

0F'HUPRWW &, 6DXWHU 0 /LHGO 5 D 1HZ H[SHULPHQWDO
WHFKQLTXHV IRU SQHXPDWLF WRPRJUDSKLFDO GHWHUPLQDWLRQ RI WKH
IORZDQG WUDQVSRUWSDUDPHWHUVRIKLJKO\ IUDFWXUHGSRURXV URFN
VDPSOHV-RXUQDORI+\GURORJ\DFFHSWHGLQSULQW
0F'HUPRWW &, 6LQFODLU % 6DXWHU 0 E 5HFRYHU\ RI
XQGLVWXUEHG KLJKO\ IUDFWXUHG EHQFK VFDOH VDPSOHV GLDPHWHU
FP [ FP IRU ODERUDWRU\ LQYHVWLJDWLRQ (QJLQHHULQJ
*HRORJ\
0F'HUPRWW &,  1HZ ([SHULPHQWDO DQG 0RGHOOLQJ
7HFKQLTXHV WR ,QYHVWLJDWH WKH )UDFWXUHG 3RURXV 6\VWHP
'LVVHUWDWLRQ DQ GHU *HRZLVVHQVFKDIWOLFKHQ )DNXOWlW GHU
8QLYHUVLWlW7ELQJHQ*HUPDQ\S
=ORWQLN 9 /HGGHU *  7KHRU\ RI GLSROH IORZ LQ XQLIRUP













































$ E V W U D F W   ,QUHFHQW\HDUVWKHVWXG\RIORZSHUPHDELOLW\JHRORJLFDOIRUPDWLRQVZKLFKLQFOXGHYDULRXVW\SHVRIIUDFWXUHGURFNV
KDV XQGHUJRQH FRQVLGHUDEOH GHYHORSPHQW$PRQJRWKHU UHDVRQV WKLV LV GXH WR WKH XWLOLW\ RI VXFKPDWHULDOVZKLFK DFW DV D QDWXUDO
JHRORJLFDOEDUULHUVXUURXQGLQJWKHVWRUDJH]RQHRIGLIIHUHQWW\SHVRIZDVWHSUHYHQWLQJWKHZDWHUIURPEULQJLQJWKHPLQWRFRQWDFWZLWK







,Q UHFHQW \HDUV WKH VWXG\ RI ORZSHUPHDELOLW\ JHRORJLFDO
IRUPDWLRQV KDV XQGHUJRQH FRQVLGHUDEOH GHYHORSPHQW EHFDXVH RI
LWV XVHIXOQHVV DV D QDWXUDO JHRORJLFDO EDUULHU VXUURXQGLQJ WKH
GHSRVLWLRQ RU VWRUDJH DUHD IRU GLIIHUHQW W\SHV RIPDWHULDOV WKXV
SUHYHQWLQJ ZDWHU IURP EULQJLQJ WKHVH LQWR FRQWDFW ZLWK WKH
ELRVSKHUH$GGLWLRQDOO\WKHJURZLQJGHPDQGIRUZDWHUUHVRXUFHV
KDV OHG WRFRQVLGHU ORZSHUPHDELOLW\PDWHULDOVDQG LQSDUWLFXODU
IUDFWXUHGIRUPDWLRQVDVDSRWHQWLDOVLWHRIJURXQGZDWHUUHVRXUFHV
FDSDEOH RI VROYLQJ WKH ZDWHU VXSSO\ SUREOHPV RI VPDOO XUEDQ
DUHDVRULQGXVWULDOSODQWV
/RZSHUPHDELOLW\ IRUPDWLRQV FDQ EH GHILQHG DV JHRORJLFDO
VWUXFWXUHV WKDWGRQRW VWRUHDSSUHFLDEOHTXDQWLWLHVRIZDWHURUDV
RQHV WKDW DUH RQO\ FDSDEOH RI WUDQVPLWWLQJ LW YHU\ VORZO\
'HSHQGLQJRQWKHLUK\GUDXOLFFRQGXFWLYLW\WKH\FDQEHVXEGLYLGHG
LQWRWKHIROORZLQJFODVVHV








'XH WR WKH SK\VLFDO FKDUDFWHULVWLFV RI ORZSHUPHDELOLW\
IRUPDWLRQV GR QRW XVXDOO\ HQDEOH WR DSSO\ WKH WHFKQLTXHV RI
K\GUDXOLF FKDUDFWHUL]DWLRQ WUDGLWLRQDOO\ DSSOLHG WR SHUPHDEOH
IRUPDWLRQVDQGVRVSHFLILFLQVWUXPHQWDWLRQPXVWEHGHYHORSHG
:LWKLQ WKH IUDPHZRUN RI D VSHFLILF DJUHHPHQW ZLWK WKH
1DWLRQDO 5DGLRDFWLYH :DVWH 0DQDJHPHQW $JHQF\ (15(6$
6SDQLVK LQLWLDOV DQG ZLWK WKH REMHFWLYH RI FDUU\LQJ RXW
K\GURJHRORJLF VWXGLHV RI WKLV W\SH RI IRUPDWLRQV WKH 6SDQLVK
*HRORJLFDO 6XUYH\ ,*0( 6SDQLVK LQLWLDOV KDV GHVLJQHG DQG
EXLOW D 0RELOH +\GURJHRORJLFDO &KDUDFWHUL]DWLRQ 8QLW 80+
6SDQLVKLQLWLDOVIRUORZSHUPHDELOLW\IRUPDWLRQVZKLFKKDVEHHQ
RSHUDWLRQDOVLQFH
7KH80+FRPSULVHV WZR ZKHHO GULYH WUXFNV7KH ILUVW RI





RWKHUV SRVVLELOLWLHV WR FDUU\ RXW LQMHFWLRQ WHVWV ZLWK D UDQJH RI




HIIHFWLYH FRPSUHVVLELOLW\YDOXHREWDLQHGH[SHULPHQWDOO\ IRU WKH
VWDQGDUG HTXLSPHQW RI GHSWK XVHG LQ WKH80+ZDV  [ 
3D0DUWtQH]1DYDUUHWHHWDO
7KH VHFRQG WUXFN WKH 'HVFHQW 9HKLFOH LV UHVSRQVLEOH IRU
ORZHULQJWKHHTXLSPHQWRIGHSWKE\PHDQVRIDPRGLILHGGULOOLQJ
ULJ WKH ORFDWLRQ RI WKH ZLQFKHV RI WKH HOHFWULFDO FDEOH DQG WKH
LQIODWHG OLQH RI WKH SDFNHUV DV ZHOO DV WUDQVSRUW RI WKH SLSHV
$PRQJ RWKHU SRVVLELOLWLHV WKH 80+ DOORZV WKH IROORZLQJ WHVW
PHWKRGVWREHDSSOLHGWUDQVLHQWLQMHFWLRQWHVWVDWFRQVWDQWUDWHRI
IORZ RU DW FRQVWDQWSUHVVXUH -DFRE DQG /RKPDQ  TXDVL
VWHDG\VWDWH LQMHFWLRQ$OPHQHWDOSUHVVXUHIDOORIIVOXJ
WHVW&RRSHUHWDODQGSXOVHWHVW%UHGHKRHIWHWDO
7KH REMHFWLYH RI K\GUDXOLF WHVWLQJ LV WR GHWHUPLQH WKH K\GUDXOLF
SDUDPHWHUVRIWKHIRUPDWLRQWKHFKDUDFWHUL]DWLRQRIWKHIUDFWXUHV
DQGWRREWDLQWKHSLH]RPHWULFOHYHOVRIWKHLQWHUYDOVWHVWHG$OPHQ
HW DO  +\GUDXOLF WHVWLQJ SURYLGHV PHDQ K\GUDXOLF
FRQGXFWLYLW\YDOXHVIRU WKHVHFWLRQEHLQJWHVWHGZKLFKPLJKWEH
DIIHFWHGLQWKHVXUURXQGLQJVRIWKHERUHKROHE\WKHGULOOLQJLWVHOI
E\ WKH FRQVWUXFWLRQ FKDUDFWHULVWLFV RI WKH ERUHKROH DQG E\ WKH
HIIHFWVRIWXUEXOHQWIORZ1DJUD
7KHFKDUDFWHUL]DWLRQPHWKRGRORJ\PD\YDU\GHSHQGLQJRQLWV
REMHFWLYHV RQ WKH W\SH RI IRUPDWLRQ RQ WKH FRQVWUXFWLRQ
FKDUDFWHULVWLFV DQG DYDLODELOLW\ RI WKH ERUHKROH RQ WKH SULRU
LQIRUPDWLRQ SRVVHVVHG DQG RQ WKH LQVWUXPHQWDWLRQ XVHG 7KH
PHWKRGRORJ\ RI K\GURJHRORJLFDO FKDUDFWHUL]DWLRQ WKDW FDQ EH
DSSOLHGE\WKH80+WRDUHVHDUFKERUHKROHLQIUDFWXUHGURFNVFDQ
EHGLYLGHGLQWRWZRSKDVHV
2YHUYLHZ SKDVH 7KLV EDVLFDOO\ FRQVLVWV RI FDUU\LQJ RXW
LQMHFWLRQ WHVWV LQ D TXDVLVWHDG\VWDWH LQ VHFWLRQVZLWK D OHQJWK
HTXLYDOHQW WR DERXWRI WKH WRWDOGHSWKRI WKHERUHKROH$
GRXEOHSDFNHUGHYLFHLVXVHGILJDQGWKHGXUDWLRQRIWKLVWHVW
LVVXIILFLHQWWRREWDLQDTXDVLVWHDG\VWDWHIRUWKHLQMHFWLRQSKDVH
DERXW PLQXWHV IROORZHG E\ D UHFRYHU\ SHULRG RI VLPLODU
GXUDWLRQ 7KH K\GUDXOLF FRQGXFWLYLW\ YDOXHV REWDLQHG DUH QRW DV
SUHFLVHDVWKRVHDFKLHYHGE\RWKHUWHVWPHWKRGVDQGPD\YDU\E\
XS WRRQHRUGHU RIPDJQLWXGHZLWK UHVSHFW WR WUDQVLHQW LQMHFWLRQ
WHVWV 1HYHUWKHOHVV D IDLUO\ SUHFLVH HVWLPDWH LV REWDLQHG RI WKH
EHKDYLRXURIWKHIRUPDWLRQLQWKHYLFLQLW\RIWKHWHVWHGDUHDDQGRI
WKH GLVWULEXWLRQ RI SHUPHDELOLWLHV ZLWKLQ WKH ERUHKROH XVLQJ
UHODWLYHO\VKRUWWHVWWLPHV
,Q WKLV LQLWLDOSKDVH LW LVDOVRXVHIXO WRSHUIRUPDQ LQMHFWLRQ
WHVWLQDWUDQVLHQWVWDWHDQGRUSXOVHWHVWRUVOXJWHVWIRUWKHZKROH
ERUHKROHZLWKDVLQJOHSDFNHUGHYLFH LQRUGHU WRREWDLQJHQHUDO
LQIRUPDWLRQ RQ WKH SHUPHDELOLW\ RI WKH ERUHKROH DQG ZKLFK LV
YDOLG DV D EHQFKPDUN IRU WKH UHVXOWV REWDLQHG LQ HDFK RI WKH
VHFWLRQV 7KH UHFRYHU\ WLPH IRU WKHVH ZKROH ERUHKROH WHVWV DUH
XVXDOO\DFFHSWDEOHIRUORZSHUPHDELOLW\IRUPDWLRQVDVWKH\KDYH
KLJKHUWUDQVPLVVLYLW\YDOXHVGXHWRWKHOHQJWKRIWKHWHVWVHFWLRQ
2QFH WKLV LQLWLDO GLVWULEXWLRQ RI WKH K\GUDXOLF FRQGXFWLYLW\
KDVEHHQGHWHUPLQHGDQGIURPWKHGDWDFRPSLOHGE\WKHGULOOLQJ
FRUHV DQG WKH JHRSK\VLFDO ORJJLQJ FRQFHUQLQJ WKH ORFDWLRQ
RULHQWDWLRQGHQVLW\OHQJWKDSHUWXUHURXJKQHVVDQGILOOLQJRIWKH
XQFRQIRUPLWLHV DQG IUDFWXUHV LW LV SRVVLEOH WR SURFHHG DQG
HVWDEOLVKWKHWHVWVHFWLRQVWREHWHVWHGGXULQJWKHVHFRQGSKDVH
'HWDLOHGUHFRQQDLVVDQFHSKDVH,QWKLVSKDVHWKHWHVWVHFWLRQ




VL]H RI WKH IUDFWXUHG DUHD WR EH FKDUDFWHUL]HG DQG E\ WKH




WKH QHFHVVLW\RI ORZHULQJ DQG OLIWLQJXS WKH HTXLSPHQWRI GHSWK
ZLWKLQ WKH ERUHKROH ZKHQ WKH OHQJWK RI WKH WHVW VHFWLRQ LV
PRGLILHG 2QFH WKH VHFWLRQV WR EH FKDUDFWHUL]HG LQ GHWDLO KDYH
EHHQ GHILQHG DQG GHSHQGLQJ RQ WKH YDOXH RI WKH K\GUDXOLF
FRQGXFWLYLW\ REWDLQHG LQ WKH ILUVW SKDVH WKH K\GUDXOLF WHVWV DUH
FDUULHG RXW 7KLV WHVWLQJ LV SHUIRUPHG XVLQJ D GRXEOHSDFNHU






WUDQVLHQW LQMHFWLRQ WHVW DW FRQVWDQWSUHVVXUH RU DW FRQVWDQWUDWH
7KH IRUPHU LV QRUPDOO\ SUHIHUUHG DV LW DYRLGV ERUHKROH VWRUDJH
HIIHFWVVLQFH WKHGRZQKROHSUHVVXUHGRHVQRWFKDQJHGXULQJWKH
WHVW IURP WKH LQVWDQW DW ZKLFK WKH UDWH YDULDWLRQV EHJLQ WR EH
PHDVXUHG DIWHU WKH SUHVVXUH KDV EHHQ VWDELOLVHG 0RUHRYHU LQ
SUDFWLFHLWLVPRUHSUDFWLFDOWRHIIHFWYHU\VPDOOYDULDWLRQVLQWKH
IORZUDWHLQRUGHUWRPDLQWDLQDFRQVWDQWSUHVVXUH7KHGXUDWLRQRI
WKH LQMHFWLRQ SHULRG VKRXOG EH DURXQG  KRXUV IRU LW WR DIIHFW D
VXIILFLHQWYROXPHRIWKHURFNDQGQRWRQO\WKHFORVHVWDUHDVDVLV
WKH FDVH ZKHQ LQMHFWLRQ WHVW LQ D TXDVLVWHDG\VWDWH RU SXOVH RU
VOXJ WHVWV DUH DSSOLHG 7KH YROXPH RI URFN DIIHFWHG GHSHQGV RQ
WKH GXUDWLRQ RI WKH WHVW DQG RQ WKH K\GUDXOLF SDUDPHWHUV RI WKH
IRUPDWLRQ )RU D JUHDWHU YROXPH RI URFN DIIHFWHG WKH PHDQ
K\GUDXOLFFRQGXFWLYLW\YDOXHEHFRPHVPRUHUHSUHVHQWDWLYHRIWKH
URFN PDVV LQ WKH VXUURXQGLQJV RI WKH ERUHKROH ZLWK WKH
KHWHURJHQHLWLHV RI WKH IRUPDWLRQ EHLQJ LQFOXGHG ZLWKLQ DQ
HTXLYDOHQWKRPRJHQHRXVDQGSRURXVPHGLXP
7KH LQVWUXPHQWDWLRQDQGPHWKRGRORJ\GHVFULEHGDERYHKDYH
EHHQ DSSOLHG WR YDULRXV WHFKQLFDO VWXGLHV DQG FRPPHUFLDO
RSHUDWLRQVFDUULHGRXWE\,*0(
7KHIRUPDWLRQVVWXGLHGFDQEHGLYLGHGLQWRWZRPDLQJURXSV
RQ WKHRQHKDQG LJQHRXVPHWDPRUSKLFDQGYROFDQLF URFNVDQG
RQ WKH RWKHU QRQFRQVROLGDWHG VHGLPHQWDU\ URFNV$OWKRXJK WKH
EDVLF LQVWUXPHQWDWLRQ HPSOR\HG LV WKH VDPH IRU ERWK W\SHV RI
IRUPDWLRQ WKH VSHFLILF FKDUDFWHULVWLFV RI QRQFRQVROLGDWHG
VHGLPHQWDU\OLWKRORJLHVUHTXLUHFHUWDLQXQLTXHDVSHFWVRIWKHWHVW
PHWKRGRORJ\WREHXVHG/ySH]*HWDHWDO
,Q WKH FDVH RI PHWDPRUSKLF DQG YROFDQLF IRUPDWLRQV WKH
PHWKRGRORJ\ ZDV DSSOLHG WR VKDOH DQG UK\ROLWH OLWKRORJLHV
UHVSHFWLYHO\LQRUGHUWRHYDOXDWHWKHSHUIRUPDQFHRIWKHPDWHULDOV
VWXGLHGDVDQDWXUDOJHRORJLFDOEDUULHUEHWZHHQRSHQSLWVXVHGWR







 +\GUDXOLF WHVWLQJ LQ FU\VWDOOLQH URFN $ FRPSDUDWLYH
VWXG\ RI VLQJOHKROH WHVW PHWKRGV 7HFKQLFDO 5HSRUW 6.%
8SSVDODSS
%UHGHKRHIW-'3DSDGRSXORV,6$PHWKRGIRUGHWHUPLQLQJ
WKH K\GUDXOLF SURSHUWLHV RI WLJKW IRUPDWLRQV:DWHU 5HVRXUFHV
5HVHDUFK
&RRSHU++%UHGHKRHIW-'3DSDGRSXORV,65HVSRQVHRI
D ILQLWHGLDPHWHU ZHOO WR DQ LQVWDQWDQHRXV FKDUJH RI ZDWHU
:DWHU5HVRXUFHV5HVHDUFK
-DFRE&(/RKPDQ61RQVWHDG\IORZWRDZHOORIFRQVWDQW





FKDUDFWHULVWLFV RI $UJLOODFHRXV URFN 1RWWLQJKDP 6HVVLRQ ,,,
+\GUDXOLF7HVWLQJ
0DUWtQH]1DYDUUHWH & *ULPD - 0HMtDV 0 *yPH] -$ 
&HOGDGHSUHVLyQSDUDHQVD\RGHFRPSRQHQWHVGHXQHTXLSRGH
WHVWLILFDFLyQ KLGUiXOLFD (VSHFLILFDFLRQHV WpFQLFDV \ HQVD\RV
+LGURJHRORJtD\5HFXUVRV+LGUiXOLFRV
0HMtDV 0 *ULPD - 0DUWtQH]1DYDUUHWH & *yPH] -$ 
6LVWHPD GH FRQWURO GH IOXMR SDUD OD UHDOL]DFLyQ GH HQVD\RV
KLGUiXOLFRVGHLQ\HFFLyQ+LGURJHRORJtD\5HFXUVRV+LGUiXOLFRV

0HMtDV0/ySH]*HWD -$ 6HJXUD' &DUDFWHUL]DFLyQ GH
IRUPDFLRQHV GH EDMD SHUPHDELOLGDG PHGLDQWH HQVD\RV
KLGUiXOLFRV DSOLFDFLyQ D GRV VRQGHRV GH UHFRQRFLPLHQWR
VLWXDGRVUHVSHFWLYDPHQWHDO6XU\(VWHGHODVFRUWDVPLQHUDVGH
$]QDOFyOODU \ /RV )UDLOHV HQ ODPLQD GH%ROLGHQ$SLUVD 6/
$]QDOFyOODU6HYLOOD%ROHWtQ*HROyJLFR\0LQHUR



































$ E V W U D F W  &DUERQDWHGLVVROXWLRQRI WHQVLOHIUDFWXUHVGXULQJSHUFRODWLRQE\&2HQULFKHGIOXLGLVVWXGLHGXVLQJV\QFKURWURQLF;
5D\&RPSXWHG0LFUR7RPRJUDSK\ DV D WRRO WRTXDQWLI\ WKH FKDQJHVRI WKH IUDFWXUHZDOOV JHRPHWU\ DQG H[WHQG7KHH[SHULPHQWDO
GLVVROXWLRQ RI D SXUHFDOFLWH VDPSOH FRQILUPV WKH SURFHVV RI KRPRJHQHRXV FKHPLFDO ³HURVLRQ´ FODVVLFDOO\ LPSOHPHQWHG LQ WKH
QXPHULFDOVLPXODWRUVEXWZLWKDUHDFWLYHVXUIDFHFRHIILFLHQWPXFKODUJHUWKDQXQLW\,QRSSRVLWLRQWKHGLVVROXWLRQRIDQRQSXUHFDOFLWH
VDPSOHUHSUHVHQWDWLYHRIWKHDYHUDJHPLFULWLFFDUERQDWHFRPSRVLWLRQGLVSOD\VYHU\KHWHURJHQHRXVGLVVROXWLRQSDWWHUQVDVVRFLDWHGZLWK
DQ LQFUHDVHRI WKHIUDFWDOGLPHQVLRQ7KHLQLWLDO WRSRJUDSKLFVXUIDFHVRI WKHIUDFWXUHZDOOVHYROYHUDSLGO\WRZDUG³QRQWRSRJUDSKLF´
LQWHUIDFHV GLVSOD\LQJ PXOWLSOH RYHUKDQJV GXH WKH SUHIHUHQWLDO GLVVROXWLRQ RI WKH FDUERQDWH JUDLQV ,Q WKLV FDVH WKH FODVVLFDO '







/LPHVWRQH DTXLIHUV FRQVWLWXWH D PDMRU UHVHUYH RI IUHVK ZDWHU
WKURXJKRXWWKHZRUOG7KHIUDFWXUHVZKLFKDUHWKHSULQFLSDOSDWK
IRUZDWHU IORZDQGSRWHQWLDOSROOXWLRQFDQEHVWURQJO\PRGLILHG
E\ JHRFKHPLFDO WUDQVIHUV EHFDXVH RI WKH KLJK UHDFWLYLW\ RI WKH
FDUERQDWHVLQFRQWLQHQWDOHQYLURQPHQWV([SHULPHQWDOPRGHOOLQJ
DQG WKHRUHWLFDO VWXGLHV RI VLQJOH IUDFWXUH IORZ DQG WUDQVSRUW SXW
IRUZDUG WKH VWURQJ FRQWURO RI WKH IUDFWXUH DSHUWXUH VXUIDFH
URXJKQHVV DQG DSHUWXUH WRUWXRVLW\ GXH HLWKHU WR WZLVWLQJ RI WKH
PHGLDQ SODQ RU WR WKH GLVWULEXWLRQ RI WKH FRQWDFW SRLQWV RQ WKH
IORZ DQG GLVSHUVLRQ $GOHU DQG 7KRYHUW  $OWKRXJK
WKHRUHWLFDO EDVLV H[LVWV /DVDJD  LW LV RQO\ UHFHQWO\ WKDW
TXDQWLWDWLYH PRGHOOLQJ DQG H[SHULPHQWDO PHDVXUHPHQWV RI WKH
IUDFWXUH DSHUWXUH VSDWLDO FKDQJHV ERXQG E\ FKHPLFDO UHDFWLRQV
ZHUH UHDOL]HG 'LMN DQG %HUNRZLW]  SURGXFLQJ LPSRUWDQW
FRQVWUDLQWVIRUPRGHOOLQJIORZDQGGLVVROXWLRQSDWWHUQV+RZHYHU
ODUJH XQFHUWDLQWLHV VWLOO UHPDLQ RQ WKH UHODWLRQ EHWZHHQ WKH
PDFURVFRSLFHYROXWLRQRIWKHDSHUWXUHDQGWKHPLFURVFRSLFJUDLQ
VFDOH PRUSKRORJLFDO HYROXWLRQ )XUWKHUPRUH DVVXPLQJ WKDW L
IORZDQGWUDQVSRUWFDQEHPRGHOOHGXVLQJDSHUWXUHDQGURXJKQHVV
DV LQSXW SDUDPHWHUV DQG LL WKHUPRG\QDPLF DQG NLQHWLF
FRHIILFLHQWV RI UHDFWLRQV DUH NQRZQ WKH UHDFWLRQWUDQVSRUW
FRXSOHGPRGHOOLQJRIWKHDSHUWXUHFKDQJHUHTXLUHVWKHNQRZOHGJH
RI WKH VSDWLDO DQG WHPSRUDO HYROXWLRQ RI WKH UHDFWLYH VXUIDFHV
7KLV SDUDPHWHU DFWV DV D PXOWLSOLFDWLYH FRHIILFLHQW RI WKH URFN
IOXLG WUDQVIHUV VR WKDW LW LV D NH\ SDUDPHWHU \HW GLIILFXOW WR
PHDVXUH
7KHDLPRIWKLVSUHVHQWDWLRQLVWRUHSRUWWKHUHVXOWVRIUHDFWLYH







7KH H[SHULPHQW IRFXVHV RQ WKH SHUFRODWLRQ RI DFLGLF IOXLG LQ
WHQVLOHURXJKILVVXUHVVXEFROOLQHDUWRWKHFRUHD[LV7KHFRUHVDUH
PP ORQJ DQG  PP GLDPHWHU 'LVVROXWLRQ LV REWDLQHG E\
IORZLQJDW DFRQVWDQW UDWHRIPVSXUHZDWHUHQULFKHG
ZLWKFDUERQGLR[LGHDWSDUWLDOSUHVVXUHRI03DS+ 
2XWSXWS+ LV$V WKHPLQLFRUHVZHUH ULJLGLILHGZLWK
HSR[\WKHHIIHFWRIFRQILQLQJSUHVVXUHHTXDOWRWKHPD[SUHVVXUH




UHFRUG WKH VDPSOH VWUXFWXUH XVLQJ QRQ LQYDVLYH;UD\ FRPSXWHG
PLFURWRPRJUDSK\ &07 7KLV WHFKQLTXH LV EDVHG RQ WKH ;UD\
DWWHQXDWLRQ PHDVXUHPHQWV RI WKRXVDQG UDGLRJUDSKLHV WDNHQ DW
GLIIHUHQW DQJOHV RI WKH VDPSOH :H XVHG WKH ,' EHDP RI
(XURSHDQ 6\QFKURWURQ 5DGLDWLRQ )DFLOLW\ ZKLFK DOORZV XV WR







)LJXUH  6FKHPDWLF LOOXVWUDWLRQ RI WRS WKH GLVVROXWLRQ






7ZR VDPSOHV RI PLFULWLF OLPHVWRQH RI VDPH RULJLQ DUH VWXGLHG
7KH ILUVW RQH LV D SXUH FDOFLWH I     ZLWK D IUDFWXUH RI
DSHUWXUHD  r PPDQG WKH VHFRQG LV FRPSRVHGRIZ
FDOFLWHZGRORPLWHZFOD\I ZLWKDIUDFWXUH
RIrPP)RUERWKVDPSOHV WKHLQLWLDOIUDFWXUHVXUIDFHVDUH
WRSRJUDSKLF VXUIDFHV 76 WKDW LV WR DQ\ [\ FRRUGLQDWH
FRUUHVSRQGVDVLQJOHHOHYDWLRQ],QWKLVFDVHIUDFWXUHZDOOVFDQEH
DQDO\]HG E\ H[WUDFWLQJ WKH [\ SURMHFWLRQ RI WKH &07 LPDJHV
SURGXFLQJSURILORPHWU\HTXLYDOHQWGDWDVHWWREHFKDUDFWHUL]HGE\
FODVVLFDO VWDWLVWLFDODQGVSHFWUDO VXUIDFHDQDO\VLV5HVXOWVGLVSOD\
XELTXLWRXV VHOIDIILQH EHKDYLRXU DOO RYHU WKH PHDVXUHG VFDOH
UDQJH IURP PP WR FP 7KH IUDFWDO GLPHQVLRQ ' FRPSXWHG
FRKHUHQWO\XVLQJ'DQG')RXULHU7UDQVIRUPSRZHUVSHFWUXP
PHWKRG LV  r  ZLWKRXW QRWLFHDEOH DQLVRWURS\ IRU ERWK WKH
VDPSOHV$WWKHLQLWLDOVWDJHWKHUHDFWLYHVXUIDFHFRHIILFLHQW65LV

HVWLPDWHG DV WKH SURGXFW RI WKH YROXPH IUDFWLRQ RI WKH PLQHUDO
LQYROYHGLQWKHFDOFLWHUHDFWLRQIRUVDPSOHDQGIRUVDPSOH
E\WKHVSHFLILFVXUIDFHFRHIILFLHQW667KHODWHULVWKHUDWLRRI
WKH WRWDOVXUIDFHRI WKHIUDFWXUHZDOOV WR LWVSODQDUSURMHFWLRQVR
WKDW66 IRUDSODQDUVXUIDFH,WLVDVVXPHGKHUHWKDWWKHIUDFWXUH
LQWHUVHFWV WKH URFN UDQGRPO\8VXDOO\ IRU QXPHULFDOPRGHOOLQJ
65 LV NHSW FRQVWDQW DQG66 LV HPEHGGHG LQ DQ³HIILFLHQW´NLQHWLF

































D XQLIRUP WUDQVODWLRQ RI WKH IUDFWXUHVZDOOV VXUIDFHV DORQJ WKH ]








 FDUERQDWH EHIRUH GLVVROXWLRQ   FDUERQDWH DIWHU







DQDO\VLV RI 'SURMHFWHG GLJLWDO LPDJHV RI WKH IUDFWXUH ZDOOV
ZRXOG EH ELDVHG 7KH VXUIDFHV ZHUH WKHQ DQDO\VHG XVLQJ
LVRPRUSKLF ' DQG 'ER[FRXQWLQJPHWKRG %&0 $OO WKRVH
PHWKRGV JLYH VLPLODU UHVXOWV D OLQHDU UHODWLRQ EHWZHHQ WKH
ORJDULWKP RI WKH QXPEHU RI ER[HV RI GLPHQVLRQ O DQG WKH
ORJDULWKP RI O 7KLV LQGLFDWHV WKDW WKH VHOIDIILQH IUDFWDO
FKDUDFWHULVWLF RI WKH VXUIDFH UHPDLQV$ WKHRUHWLFDO YDOXH RI WKH
IUDFWDOGLPHQVLRQRIWKHVXUIDFHVFDQEHFDOFXODWHGIURPWKHVORSH
V RI WKH IRUPHU OLQHDU WUHQG $ YDOXH RI'%&0    r ZDV
FDOFXODWHGIRUWKHIUDFWXUHVXUIDFHVDWWKHLQLWLDOVWDJH'LVVROXWLRQ
LQGXFHVDQLQFUHDVHVWRZDUG'%&0 rIRUWKHILQDOVWDJHRI
GLVVROXWLRQ $OEHLW WKH QRWLFHDEOH EXW H[SHFWHG 6FKPLWWEXKO HW
DOGLIIHUHQFHEHWZHHQWKHGLPHQVLRQPHDVXUHGE\VSHFWUDO
PHWKRGVDQG WKH%&0WKHUHVXOWV UHYHDODTXDQWLILDEOHLQFUHDVH
RI WKH IUDFWDO GLPHQVLRQ $V VKRZQ RQ ILJ WKH GLVVROXWLRQ LV
DOVR FKDUDFWHULVHG E\ D ODUJH LQFUHDVH RI WKH VSHFLILF VXUIDFH
FRHIILFLHQWIURPWRPRUHWKDQWRJHWKHUZLWKDQRWLFHDEOH









FRPSDUHG WR GLYHUJLQJ VRXUFH ;UD\ PHWKRGV DQG 105, KDV
SURYHG WR EH DQ HIILFLHQW WRROVWR TXDQWLI\ WKH IUDFWXUH VXUIDFH
FKDQJHV ERXQGHG E\ GLVVROXWLRQ ZLWK D UHVROXWLRQ FORVH WR WKH
JUDLQ VL]H DQG RYHU D ODUJH ILHOG RI YLHZ  YR[HOV RU IRXU
PHDVXUHPHQW VFDOHV ,W LV SUHVHQWO\ WKH OHDGLQJ PHWKRG IRU
PRQLWRULQJG\QDPLFSURFHVVHVDWWKLVVFDOH
7KHGLVVROXWLRQRIDPRQRSKDVLFFDUERQDWHLVFKDUDFWHULVHGE\D
SURFHVV RI FKHPLFDO HURVLRQ 7KH SURSHUWLHV RI WKH VXUIDFH DUH
SUHVHUYHG 7KRXJK LW PXVW EH QRWLFHG WKDW WKH UHDFWLYH VXUIDFH
FRHIILFLHQW KHUH HTXDO WR WKH VSHFLILF VXUIDFH FRHIILFLHQW LV
FHUWDLQO\ PXFK ODUJHU WKDQ  :H IRXQG WKDW ZLWK D UHVROXWLRQ
OLPLW RI P66 LV FORVH WR DQG WKDW WKH IUDFWXUH VXUIDFHV
ZHUH VHOIDIILQH IUDFWDO DOO RYHU IRXURUGHUVRIPHDVXUHPHQW%\
GHILQLWLRQ WKH VSHFLILF VXUIDFH FRHIILFLHQW 6V LV SURSRUWLRQDO WR







DQG GDVKHG FXUYHV FRUUHVSRQG WR WKH  DQG WKH 
FDUERQDWH VDPSOHV UHVSHFWLYHO\ &URVVHV GHQRWH WKH GDWD
GLVSHUVLRQ








H[SHULPHQW +RZHYHU EHFDXVH RI WKH KLJK KHWHURJHQHLW\ RI WKH
GLVVROXWLRQLWLVGLIILFXOWWRUHODWH65WR66ZKLFKLVFHUWDLQO\QRQ
OLQHDU EHFDXVH RI WKH SUHIHUHQWLDO GLVVROXWLRQ RI WKH FDUERQDWHG
SKDVH 7KH XELTXLWRXV LQFUHDVH RI 66 ZLWK D FDQQRW SHUVLVW
LQGHILQLWHO\)URPQRZLWLVLPSRUWDQWWRFRQVLGHUGLVVROXWLRQRYHU
ODUJHU WLPH LQ RUGHU WR H[SORUH LI WKLV UHODWLRQ UHDFKHV DQ
DV\PSWRWLFUHJLPHRULIF\FOLFEHKDYLRXUWDNHVSODFH

$FNQRZOHGJHPHQWV 0DQ\ WKDQNV WR (65),' 7HDP






$GOHU 307KRYHUW -)  )UDFWXUHV DQG IUDFWXUHV QHWZRUNV
.OXZHU$FDGHPLF3XEOLVKHUV7KH1HWKHUODQGV



















$ E V W U D F W   +\GUDXOLFSURSHUWLHVRIIUDFWXUHGDTXLIHUVDWDUHJLRQDOVFDOHDUHGLIILFXOWWRREWDLQDVXVXDOO\DODUJHQXPEHURIREVHU
YDWLRQZHOOVDQGSXPSLQJWHVWVDQGDOVRODUJHDPRXQWVRIPRQH\DUHQHHGHG'XHWRWKHXVXDOO\ODUJHGLVWDQFHVEHWZHHQREVHUYDWLRQ
ZHOOVK\GUDXOLFSURSHUWLHVFDQRIWHQRQO\EHJDLQHGIURPGUDZGRZQPHDVXUHPHQWVDWWKHSXPSLQJZHOO(VSHFLDOO\VWRUDJHSURSHUWLHV










XQGHUVWRRG \HW 2IWHQ D UHOLDEOH PRGHO FDOLEUDWLRQ RI IUDFWXUHG
DTXLIHUVLVQRWSRVVLEOHDVRQO\LQFRPSOHWHLQIRUPDWLRQLVDYDLO
DEOHJURXQGZDWHUKHDGVRUGLVFKDUJHGDWDEXWQRWERWK2QWKH
RWKHU KDQG LW LV LPSRUWDQW WR NQRZ WKH K\GUDXOLF IXQFWLRQ VWRU
DJHGLVFKDUJH DQG KHDGJUDGLHQWGLVFKDUJH EHKDYLRXU RI IUDF
WXUHG DTXLIHUV HVSHFLDOO\ ZKHQ GHDOLQJ ZLWK TXHVWLRQV OLNH
JURXQGZDWHUYXOQHUDELOLW\
6PDOO FDWFKPHQWV LQ WKH ORZ PRXQWDLQ UDQJH RI PLGGOH
(XURSH DUH LGHDO DUHDV IRU DQDO\VLQJ JURXQGZDWHU IORZ LQ IUDF
WXUHG V\VWHPV ,I WKH RXWIORZ IURP WKHVH DTXLIHUV IHHGV VPDOO
ULYHUV DQG ERWK VXUIDFH DQG JURXQGZDWHU FDWFKPHQW DUHDV DUH
PRUH RU OHVV LGHQWLFDOO\ WKH PHDVXUHG GLVFKDUJH DQG TXDOLW\
DOORZV IRU DQDO\VLQJ WKH HQWLUH ZDWHU EXGJHW ,I WKH VXEVXUIDFH
FDWFKPHQW DUHD LV NQRZQ WKHVH DTXLIHUV FDQ EH FRQVLGHUHG DV
PRUH RU OHVV FORVHG V\VWHPV $QDO\VLQJ WUDQVLHQW JURXQGZDWHU





EUDWLRQ UHGXFHV DW WKH ILUVW JODQFH WR WKH VLPSOH SUREOHP RI
GHVFULELQJ WKH WUDQVIRUPDWLRQ IURP LQSXW WR RXWSXW8VLQJ VWDQ
GDUGDVVXPSWLRQVRIWHQPDGHZKHQGHDOLQJZLWKGLVFKDUJHGDWD









'LVFKDUJH GDWD LQ ULYHUV DUH XVXDOO\ FRPSRVHG RI VXUIDFHZDWHU
DQG JURXQGZDWHU FRPSRQHQWV 7R SUHSDUH PHDVXUHG GLVFKDUJH
GDWDIRUWKHDQDO\VLVRIDTXLIHUVK\GUDXOLFSURSHUWLHVJURXQGZDWHU
UXQRIIPXVWEHVHSDUDWHGIURPWKHPHDVXUHGGLVFKDUJH7KLVFDQ
EHGRQHXVLQJJUDSKLFDO UHFHVVLRQDQDO\VLVRU WUDFHU VWXGLHV$Q
REMHFWLYHVHSDUDWLRQFDQRQO\EHGRQHZKHQXVLQJWKHUHVXOWVRI





FDWFKPHQW $QDO\VLQJ PHDVXUHG GDLO\ GLVFKDUJH IOXFWXDWLRQV LW
FDQEHSRLQWHGRXWWKDWLQWKHORZPRXQWDLQUDQJHHYDSRWUDQVSL
UDWLRQ ORVVHV IURP WKH VDWXUDWHG ]RQH DUH OLPLWHG WR WKH YDOOH\
DUHD)RUWKLVUHDVRQPHDVXUHGGLVFKDUJHGDWDFDQEHVLJQLILFDQW
VPDOOHUWKDQWKHFDWFKPHQWVJURXQGZDWHUUHFKDUJH7KLVZLOOOHDG




YDOXHV LQ WKHDUHDZKHUH WKHGHSWK WRZDWHU WDEOH LVZLWKLQ URRW
GHSWKDQGFDSLOODU\IULQJH
7KH LPSDFWRI WKHFRUUHFWLRQPHWKRGVRQPHDQJURXQGZDWHU
UHFKDUJH LV VKRZQ LQ 7DE $V VWDQGDUG PHWKRG IRU PHDQ UH
FKDUJH GHWHUPLQDWLRQ LQ WKH ORZ PRXQWDLQ UDQJH LQ *HUPDQ\
:XQGW¶VPHWKRGLVXVHG$FFRUGLQJWRWKLVVLPSOHPHWKRGPHDQ
JURXQGZDWHU UHFKDUJH HTXDOV WKH PHDQ RI WKH ORZHVW GDLO\ GLV
FKDUJH YDOXHVZLWKLQ HDFKPRQWK RIPHDVXUHG GLVFKDUJH IRU 
\HDUVDWOHDVW












7R REWDLQ WUDQVLHQW UHFKDUJH GDWD DV LQSXW IRU WKH WUDQVLHQW
JURXQGZDWHUIORZPRGHODWUDQVLHQWUHFKDUJHFDOFXODWLRQXVLQJD
69$7PRGHO VRLOYHJHWDWLRQDWPRVSKHUHWUDQVIHU LV QHHGHG







7UDQVLHQW GLVFKDUJH IURP DQ DTXLIHU LVPDLQO\ FRQWUROOHG E\ LWV
YRLG V\VWHP )UDFWXUHG DTXLIHUV UHDFW ZLWK GLIIHUHQW K\GUDXOLF
GLIIXVLYLWLHV RYHU WLPH D IHDWXUH ZKLFK ZDV ILUVW GHVFULEHG E\




7UDQVPLVVLYLW\ $ ODWHUDO IORZ WKURXJK D IUDFWXUH QHWZRUN
RQO\WDNHVSODFHZLWKLQDVPDOOSRUWLRQRIWKHYRLGV\VWHPFDOOHG
KHUH WKH GLVFKDUJH IUDFWLRQ 7KH WUDQVPLVVLYLW\ RI WKH GLVFKDUJH
IUDFWLRQ FDQ EH GHWHUPLQHG E\ VWHDG\ VWDWH PRGHO FDOLEUDWLRQ
XVLQJPHDQJURXQGZDWHUUHFKDUJHDQGPHDQREVHUYHGJURXQGZD
WHU KHDGV 7KH ODWHUDO IORZ WKURXJK WKH V\VWHP WDNHV RQO\ SODFH
ZLWKLQ WKHGLVFKDUJH IUDFWLRQ)RU WKLV UHDVRQ LW LVDVVXPHG WKDW








6WRUDJHFDSDFLW\RI WKHFRPSOHWH V\VWHP$IWHU VRPH WLPH





GLIIXVLYLW\ RI WKH GLVFKDUJH IUDFWLRQ DQG WKH FRPSOHWH V\VWHP











$ W\SLFDO UHFHVVLRQ FXUYH RI D IUDFWXUHG DTXLIHU LV FKDUDF
WHULVHGE\WZRRUPRUHOLQHDUVHJPHQWVILJ2IWHQWKH0DLOOHW
IRUPXOD LVXVHG WRGHWHUPLQH WKHUHFHVVLRQFRQVWDQWVIRU WKHGLI
IHUHQWVHJPHQWV
,I WKH VWRUDJH FDSDFLW\ RI WKH WRWDO V\VWHP ZDV GHWHUPLQHG
HJ E\ XVLQJ D ÄVWDQGDUG³ VLQJOH FRQWLQXXP JURXQGZDWHU IORZ






6WDQGDUG VLQJOHFRQWLQXXP PRGHOV ZHUH XVHG WR GHWHUPLQH



















8VLQJ PHDVXUHG GLVFKDUJH GDWD ZLWKRXW WKH FRUUHFWLRQV H[
SODLQHGDERYH UHFKDUJH LVXQGHUHVWLPDWHGE\D IDFWRURI WR
1RWH WKDW WKH FRUUHFWLRQ IDFWRU LV D IXQFWLRQ RI FDWFKPHQW VL]H
UHFKDUJH FOLPDWLF FRQGLWLRQV DQG DUHD ZLWK HYDSRWUDQVSLUDWLRQ
ORVVHVIURPWKHVDWXUDWHG]RQH:KHQXVLQJWKLVPHDQUHFKDUJHDV
LQSXWIRUPHDQWUDQVPLVVLYLW\FDOFXODWLRQVLWZLOODOVREHXQGHUHV
WLPDWHG E\ WKH VDPH IDFWRU $V WKH WUDQVLHQW EHKDYLRXU RI WKH
DTXLIHU LV GHVFULEHG E\ LWV K\GUDXOLF GLIIXVLYLW\ HUURUV LQ WUDQV































FRQVLGHUHG DV K\GUDXOLF FRQGXFWLYLW\ RI WKH VWRUDJH IUDFWLRQ LV
GHWHUPLQHG WR  WR  PV 7KLV YDOXH LV DERXW  WR 
WLPHVKLJKHUWKDQFRQGXFWLYLW\YDOXHVH[SHFWHGIRUDQXQIUDFWXUHG
VKDOH ,W VHHPV WKDWPRVW SDUWV RI WKH VWRUDJH IUDFWLRQ DUH EXLOG
IURPVPDOOIUDFWXUHV










































$ E V W U D F W   :KHQFRQGXFWLQJSQHXPDWLFVOXJWHVWVLQDIUDFWXUHGEHGURFNIRUPDWLRQWKH,QLWLDO'LVSODFHPHQW+RZDVLQFUHDVHG
XSZDUGV RI P 7KH UHVXOWV LQGLFDWH WKDW WKH QRUPDOL]HG KHDGWLPH GDWDZDV+R GHSHQGHQW:DWHU OHYHO YDULDWLRQV GXH WR /DUJH
'LVSODFHPHQW6OXJ7HVWV/'67ZHUHUHFRUGHGDWZHOOVORFDWHGXSWRPIURPWKHVWUHVVHGZHOODOORZLQJWKHLUXVHDVPRQLWRULQJ





/DUJH 'LVSODFHPHQW 6OXJ 7HVWV /'67 ZHUH GHILQHG DV WKRVH
ZLWKDQ,QLWLDO'LVSODFHPHQW+RODUJHUWKDQFRQYHQWLRQDOYDOXHV
UHFRPPHQGHG LQ WKH OLWHUDWXUH LH+R  P 0RUH WKDQ 
SQHXPDWLF6OXJ7HVWV67ZHUHFRQGXFWHGDVSDUWRIDQLQWHQVLYH
K\GUDXOLF FKDUDFWHUL]DWLRQ SURJUDP RQ DPHWDPRUSKLF IUDFWXUHG
EHGURFN IRUPDWLRQFRQWDPLQDWHGZLWKFKORULQDWHGVROYHQWV 7KH
SURJUDPLQFOXGHGPRUHWKDQ67PRUHWKDQ/'67ZLWK
+R XS WR P DQGPRUH WKDQ 3XPSLQJ7HVWV 37 3XOLGR±
6LOYDHWDOD
6WUDGGOHSDFNHUVZHUHXVHGLQILYHIUDFWXUHGEHGURFNZHOOVWR
LVRODWHGLVFUHWH IUDFWXUH ]RQHVZLWKLQHDFKZHOO+LJK IUHTXHQF\
ORJJLQJSUHVVXUHWUDQVGXFHUVUHDGLQJVSHUVHFRQGZHUHORFDWHG
ZLWKLQ HDFK LVRODWHG ]RQH 3UHVVXUH WUDQVGXFHUV ZHUH DOVR
LQVWDOOHGLQQHDUE\0RQLWRULQJ:HOOV0:ORFDWHGXSWRP
IURP WKH6WUHVVHG:HOO 6:5LVLQJ67 567ZHUHFRQGXFWHG
E\SUHVVXUL]LQJWKHLVRODWHG]RQHZLWKQLWURJHQJDVZDLWLQJXQWLO
ZDWHUSUHVVXUH VWDELOL]DWLRQ DQG WKHQ LQLWLDWLQJ WKH 67 E\
UHOHDVLQJ SUHVVXUH ZLWK D TXLFNRSHQLQJ YDOYH %XWOHU 
)DOOLQJ 67 )67 ZHUH SHUIRUPHG E\ XVLQJ D YDFXXP SXPS
LQVWHDG RI QLWURJHQ JDV $IWHU UHSHDWDELOLW\ WHVWV FRQILUPHG
HTXLYDOHQW UHVXOWVZLWK567DQG)67IRUDJLYHQ+R567ZHUH
SUHIHUUHG EHFDXVH WKH\ SURGXFHG WKH QHDU LQVWDQWDQHRXV +R
FRQGLWLRQUHTXLUHGE\DOO67DQDO\VLVPHWKRGVUHJDUGOHVVWKH+R
YDOXH)LJ
&RQWUDU\ WR WKH XVXDO DVVXPSWLRQ WKDW WKH 67 1RUPDOL]HG
+HDG ± 7LPH &XUYH 1+7& PXVW EH LQGHSHQGHQW RI +R
0F(OZHH  LW ZDV V\VWHPDWLFDOO\ REVHUYHG WKDW IRU WKLV











)LJXUH7\SLFDO/'67 ILHOGGDWD ZHOO%%&+R P
LVRODWHGGHSWKP

/'67 FDXVHG VLJQLILFDQW ZDWHU OHYHO YDULDWLRQV DW 0:
ORFDWHGDVPXFKDVPIURP6:SURYLGLQJDYDOXDEOHWRRO LQ
WKHDVVHVVPHQWRIK\GUDXOLFFRQQHFWLYLW\EHWZHHQZHOOV)LJ
%HVLGHV WKH &RRSHU DQG +YRUVOHY PHWKRGV /'67 ZHUH
DQDO\]HGE\ WKH)LQLWH'LIIHUHQFHDQG)LQLWH(OHPHQWPRGHOV LQ



















GHSHQGHQFHZLWK+R DQG HVWLPDWHG 6WRUDWLYLW\ YDOXHV E\ XVLQJ
WKH0:UHVSRQVHVGDWD7KLVWKHQGHPRQVWUDWHGWKHDSSOLFDELOLW\
RI /'67 WR HVWLPDWH QRW RQO\ K\GUDXOLF FRQGXFWLYLW\ EXW DOVR
VWRUDJH FRHIILFLHQW )LQDOO\ E\ XVLQJ WKH )UDFWXUHV1HWZRUN
PRGHO SURYLGHG E\ +\7HVWV /'67 SURYLGHG D PHWKRG IRU















3XOLGR±6LOYD * %DOOHVWHUR 73 %DUUHUD0,0DUEHW +- .LQQHU
1( D 'HYHORSLQJ D FRQFHSWXDO K\GURJHRORJLFDO PRGHO


















































UHVLVWLYLW\ PHDVXUHPHQWV IDFLOLWDWH SURSHU ORFDWLRQ IRU
FRQVWUXFWLRQ RI VXFFHVVIXO ERUH ZHOOV LQ KDUGURFN WHUUDLQ
(QFRXUDJLQJUHVXOWVKDYHEHHQREWDLQHGE\&HQWUDO*URXQG:DWHU
%RDUG 6RXWK:HVWHUQ5HJLRQE\ HPSOR\LQJ VXFK WHFKQLTXHV LQ
WKHH[SORUDWRU\ZHOOSURJUDPPH
%HOODU\GLVWULFWLQ.DUQDWDNDFRYHUVDWRWDODUHDRIVTNP
FRYHULQJ VHYHQ WDOXNV LV ERXQGHG E\ QRUWK ODWLWXGH RI ¶ 
¶ DQG HDVW ORQJLWXGH RI ¶¶  3K\VLRJUDSKLFDOO\
WKHDUHDLVRFFXSLHGE\KLOOVLQWKHFHQWUDOSDUWZLWKSODLQVLQWKH
HDVWDQGZHVW
7KH GLVWULFW LV PDLQO\ FRYHUHG E\ 3UHFDPEULDQ URFN
IRUPDWLRQV VXFK DV VFKLVWV JUDQLWHV DQG JQHLVVHV 6FKLVWV DUH
PDLQO\KRUQEOHQGHVFKLVWVDVVRFLDWHGZLWKSK\OOLWHVDQGTXDUW]LWH
KDYLQJ11:66( VWULNHZLWK D VWHHS HDVWHUO\ GLS RI  WR
*UDQLWHVRFFXUULQJ LQ WKHGLVWULFW IRUPWKHQRUWKHUQH[WHQVLRQRI
&ORVHSHW JUDQLWH DQG FRQWDLQ ERWK SLQN DQG JUH\ SRUSK\ULWLF
YDULHWLHV*QHLVVHV KDYH DVVHPEODJH RIPLJPDWLWH ELRWLWH JQHLVV





*HRPRUSKRORJLFDOO\ WKH DUHD FDQ EH JURXSHG LQWR GLIIHUHQW
ODQG IRUPV L 6FKLVWV LQ JHQHUDO RFFXUV DW KLJKHU HOHYDWLRQ LV
JURXSHGDVVWUXFWXUDOKLOOVLL*UDQLWHVRFFXUULQJDVPDLQKLOORFNV
DUH JURXSHG ZLWK WKH UHVLGXDO KLOOV LLL '\NHV RFFXUULQJ LQ WKH
GLVWULFW DUH JURXSHG LQWR OLQHDU ULGJHV LY 3HGLPHQW RFFXUV DV D
VPDOOSDWFKVXUURXQGLQJWKHUHVLGXDOKLOOVRIJUDQLWHLQWKHGLVWULFW
DQGY7KH UHPDLQLQJDUHDV WKDWDUHSODLQ LQQDWXUHDUHJURXSHG
LQWR SHGLSODLQ LQ WKH GLVWULFW ,Q WKH FU\VWDOOLQH IRUPDWLRQV
FKDUDFWHULVWLFV RI WKH URFNV FRQWURO WKH RFFXUUHQFH RI
JURXQGZDWHU $V WKHVH IRUPDWLRQV ODFN SULPDU\ SRURVLW\ WKH
GHJUHH RI ZHDWKHULQJ DQG IUDFWXULQJ DUH LPSRUWDQW IDFWRUV
FRQWUROOLQJWKHLUSURSHUWLHVDVDTXLIHUV*URXQGZDWHURFFXUVXQGHU
SKUHDWLF DQG VHPLFRQILQHG FRQGLWLRQV LQ WKH ZHDWKHUHG DQG
IUDFWXUHGURFNVILJ
'HWDLOHG K\GURJHRORJLFDO VXUYH\ LV FDUULHG RXW LQ WKH DUHD
ZKHUHH[SORUDWRU\WXEHZHOOLVUHTXLUHGWREHGULOOHG&DUHLVDOVR
WDNHQ WR VHH WKDW ERUH ZHOO LV ORFDWHG LQ WKH SUR[LPLW\ RI WKH
YLOODJHVRWKDWDIWHUFRQVWUXFWLRQWKHZHOOLVXWLOL]HGIRUGULQNLQJ
ZDWHU QHHGV RI WKH YLOODJHV  $V D SDUW RI WKH K\GURJHRORJLFDO
LQYHVWLJDWLRQ WKH VDWHOOLWH LPDJHULHV ZHUH VWXGLHG WR LQWHUSUHW
OLQHDPHQWV ZKHUH LW LV OLNHO\ WKDW GHHSVHDWHG ZHDWKHUHG DQG





$IWHU WKH VXFFHVVIXO FRPSOHWLRQ RI WKH ZHOO ORQJ GXUDWLRQ
SXPSLQJ WHVWV ZHUH FRQGXFWHG WRJHWKHU ZLWK REVHUYDWLRQ ZHOOV
ZKHUHWKH\LHOGVRIWKHZHOOVZHUHPRUHWKDQ/V7KHDQDO\VLV
RIWKHDTXLIHUSHUIRUPDQFHWHVWLVVKRZQLQILJDDQGE
$ WRWDO RI  H[SORUDWRU\ ERUH ZHOOV ZHUH GULOOHG LQ WKH
GLVWULFWRXWRIZKLFKVLWHVZHUHSLQSRLQWHG LQ WKHYLFLQLW\RI
OLQHDPHQWVIROORZHGE\JHRSK\VLFDOVXUYH\V
$IWHU WKHFRPSLODWLRQRI WKHQHFHVVDU\ LQIRUPDWLRQ IURP WKH
H[SORUDWLRQ WKH IROORZLQJ LQIHUHQFH LVGUDZQ7KH3KUHDWLF]RQH
HQFRXQWHUHG  EHWZHHQ DQG PEJO LV GHOLQHDWHG DV  D ORZ
SRWHQWLDO]RQH)RUPRVWRIWKHGXJZHOOVDQGVKDOORZERUHZHOOV
FRQVWUXFWHG LQ WKH GLVWULFW DUH HLWKHU GU\ RU ORZ \LHOGLQJ ZHOOV
+RZHYHUWKHH[SORUDWRU\ERUHZHOOVGULOOHGEH\RQGPGULOOHG
LQ WKH GLVWULFW KDYH EURXJKW RXW HQFRXUDJLQJ UHVXOWV 2XW RI 
ZHOOVFRQVWUXFWHGKDYH\LHOGHGPRUHWKDQ/VKDYH
\LHOGHGWR/VDQGWKHUHPDLQLQJKDYH\LHOGHGOHVVWKDQ
/V ,Q JHQHUDO PD[LPXP GHSWKV RI WKH GHHSVHDWHG IUDFWXUHV
KDYH EHHQ HQFRXQWHUHG XS WR D GHSWK RI P EJO  ,Q VFKLVW
JUDQLWH DQG JQHLVVLF IRUPDWLRQV WKH GHHS VHDWHG IUDFWXUHV ZHUH


























YDULRXV FU\VWDOOLQH DTXLIHUV RFFXUULQJ LQ WKHGLVWULFW LVSUHVHQWHG
LQWDE
7KHWHVWGDWDLQIHUUHGDERYHKDVFOHDUO\VKRZQWKDWWKHZHOOV
GULOOHG RQ WKH OLQHDPHQW SURYHG WR JLYH VXVWDLQDEOH \LHOG LQ WKH





















 *UDQLWH   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 *QHLVV  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
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


















 *UDQLWH     [
 *QHLVV     [
[




















7KH IRUPDWLRQ FRQVWDQWV RI DTXLIHU VXFK DV WUDQVPLVVLYLW\ DQG
VWRUDJHFRHIILFLHQWVDUHJHQHUDOO\REWDLQHGIURPSXPSLQJWHVWVE\
PDWFKLQJ WKH GUDZ GRZQ REVHUYDWLRQ WR RQH RI WKH DYDLODEOH
DQDO\WLFDOPRGHOV,QWKHKDUGURFNIUDFWXUHGDTXLIHUV\VWHPWKH
SURSHUFKRLFHRIVXLWDEOHPRGHOLVSDUWLFXODUO\DGLIILFXOWSKDVHRI
WKH VWXG\  7KH DOWHUQDWLYH PHWKRG WKDW PD\ EH XVHG LQ WKH
SDUDPHWHU HVWLPDWLRQ QDPHO\ WKH XVH RI QXPHULFDO PRGHO IRU
UHSHDWHGFRPSXWDWLRQVWRRSWLPL]HWKHSDUDPHWHUVE\PLQLPL]LQJ
WKHGLIIHUHQFHEHWZHHQ WKHREVHUYHGDQGSUHGLFWHGGUDZGRZQV
,Q WKH FU\VWDOOLQH IRUPDWLRQ WKH GHJUHH RI ZHDWKHULQJ DQG
IUDFWXULQJ RI WKH OLWKRXQLWV DUH FRQWUROOHG E\ QXPHURXV IDFWRUV
VXFK DV WRSRJUDSK\ FOLPDWH WH[WXUHPLQHUDORJLFDO FRPSRVLWLRQ
DQGVWUXFWXUDOKLVWRU\ 7KHFKDUDFWHULVWLFVRIWKHVHURFNVFRQWURO
WKHRFFXUUHQFHDQGPRYHPHQWRIJURXQGZDWHU LQKDUG URFN $V
WKHVH URFNV ODFN SULPDU\ SRURVLW\ WKH GHJUHH RIZHDWKHULQJ DQG
IUDFWXULQJ DUH LPSRUWDQW IDFWRUV FRQWUROOLQJ WKHLU SURSHUWLHV DV
DTXLIHUV  *URXQGZDWHU RFFXUV LQ WKHVH URFNV XQGHU SKUHDWLF
FRQGLWLRQV LQ WKH ZHDWKHUHG ]RQH DQG XQGHU VHPL FRQILQHG WR
FRQILQHGFRQGLWLRQVLQWKHIUDFWXUHGSRUWLRQDWGHSWK
$VDSDUWRIJURXQGZDWHUH[SORUDWLRQLQWKHKDUGURFNWHUUDLQ
RI 3XGXNRWWDL GLVWULFW RI 7DPLOQDGX DQ H[SORUDWRU\ ZHOO ZDV
GULOOHGDW0H\YD]KLVDODLYLOODJH)LJ
7KH DUHD LV XQGHUODLQ E\ JUDQLWLF JQHLVVHV  7KH ZHOO LV
ORFDWHGRQWKHLQWHUVHFWLRQRIWZROLQHDPHQWVLGHQWLILHGEDVHGRQ
WKHLQWHUSUHWDWLRQIURPWKHVDWHOOLWHLPDJHULHV7KUHHREVHUYDWLRQ





)LJXUH  ([SORUDWRU\ ZHOO ORFDWLRQ PDS RI 0H\YD]KLVDODL LQ
7DPLOQDGX
LQVWDOOHGRQDOOWKHWKUHHREVHUYDWLRQZHOOVWRPRQLWRUGUDZGRZQ
7KH GUDZGRZQ PHDVXUHPHQWV DUH UHFRUGHG DW WKH UDWH RI 
VHFRQGV IRU WKH ILUVW  VHFRQGV  $IWHU WKLV LW IROORZHG WKH
ORJDULWKPLF WLPH LQWHUYDO DQG NHSW RQ LQFUHDVLQJ WKH LQWHUYDO
EHWZHHQ HDFK VDPSOH XQWLO LW UHDFKHG XVHU VSHFLILHG PLQXWHV
WLPH LQWHUYDO7KHQ LWHQWHUHG LQWR OLQHDUPRGHDQGUHFRUGHG WKH
UHDGLQJVDWDWLPHLQWHUYDORIPLQXWHV
8VLQJWKHGDWDJHQHUDWHGIURPWKHGLJLWDOZDWHUOHYHOUHFRUGHU
DQDO\WLFDO VROXWLRQ IRU WKH DTXLIHU SDUDPHWHUV ZDV REWDLQHG E\
GUDZLQJ WKH SORW RI WLPH 9V GUDZGRZQ LQ GRXEOH ORJ SDSHU
)LJ  7KH YDOXHV RI WUDQVPLVVLYLW\ DQG VWRUDJH FRHIILFLHQW









GULOO ORJV WKH FRQFHSWXDOPRGHO RI WKH DTXLIHUZDV SUHSDUHG IRU
DGRSWLQJ LQ WKH QXPHULFDOPRGHO )LJ7KH DTXLIHU SDUDPHWHU
YDOXHVREWDLQHGIURPWKHDQDO\WLFDOPHWKRGZHUHXVHGDVVWDUWLQJ
YDOXHV LQ WKH QXPHULFDO PRGHO IRU RSWLPLVDWLRQ RI DTXLIHU
SDUDPHWHUDIWHUPLQLPLVLQJ WKHGLIIHUHQFHEHWZHHQ WKHSUHGLFWHG
DQG REVHUYHG GUDZGRZQ RI WKH REVHUYDWLRQ ZHOOV 7KH 86*6
0RGIORZDQG3HVWVRIWZDUHZHUHUXQIRUWKHSXUSRVH'XULQJWKH
SURFHVVRIRSWLPLVDWLRQVHYHUDOLWHUDWLRQUXQVZHUHPDGHVRDVWR
REWDLQ WKH EHVW ILW IRU WKH REVHUYHG DQG FRPSXWHG GUDZGRZQV

































$ E V W U D F W   1HZHTXLSPHQWIRUK\GUDXOLFIUDFWXULQJRIKDUGURFNZHOOVKDVEHHQGHYHORSHGDQGWHVWHGDWWKUHHORFDWLRQVLQ1RUZD\
)XUWKHUPRUHDSURFHGXUHIRULQMHFWLQJSURSSLQJDJHQWXVLQJTXDUW]VDQGKDVEHHQGHYHORSHG7KHHIIHFWRIWKHERUHKROHVWLPXODWLRQLQ
WKH WKUHH FDVH VWXGLHV LVZHOO GRFXPHQWHGE\ WHVW SXPSLQJ DQGYDULRXVJHRSK\VLFDO ORJJLQJPHWKRGV$ VLJQLILFDQW LQFUHDVH LQ WKH

















LQMHFWLQJ SURSSLQJ DJHQWV RU JUDLQV RI TXDUW] VDQG LQ VHOHFWHG
















DQG ($% WDE DQG
ILJ 7KH ERUHKROH DW
/DGH LV ORFDWHG LQ WKH
7URQGKHLP DUHD ZKLOH










7DEOH  6RPH NH\ LQIRUPDWLRQ DERXW WKH ERUHKROHV EK DW
/DGH%U\QDQG($%

 &KDUDFWHURIVWLPXODWLRQ RIEK $EEU *HRO




























WR OLWHUV7HVWSXPSLQJDQGJHRSK\VLFDO ORJJLQJ WHPSHUDWXUH
HOHFWULFDO FRQGXFWLYLW\ JDPPD UDGLDWLRQ RSWLFDO WHOHYLHZHU DQG
IORZPHDVXUHPHQWV KDYHEHHQSHUIRUPHG LQRUGHU WRGRFXPHQW
WKH HIIHFW RI WKH GLIIHUHQW NLQGV RI K\GUDXOLF IUDFWXULQJ 7KH
ERUHKROH\LHOGDW/DGHLVEDVHGRQVKRUWWLPHWHVWSXPSLQJRIWKH
ERUHKROH ZKLOH WKH \LHOGV DW %U\Q DUH EDVHG RQ VKRUWWLPH
VHFWLRQDOWHVWSXPSLQJ'XHWRRULJLQDOO\YHU\KLJK\LHOGV!
/K LQ WKH ERUHKROHV DW ($% WHVW SXPSLQJ ZDV UHSODFHG ZLWK




)LJXUH  7KH FKDUDFWHU DQG DPRXQW RI VWLPXODWLRQ ZLWK
GLIIHUHQWNLQGVRIK\GUDXOLFIUDFWXULQJLQUHVSHFWLYHERUHKROHV
+)]RQHVWDQGV LQVKRUW IRUK\GUDXOLF IUDFWXULQJZLWKZDWHU
LQ VHFWLRQV RI  PHWHUV ZKLOH +)FROXPQ PHDQV







3UHVVXUHWLPH FXUYHV IURP K\GUDXOLF IUDFWXULQJ ZLWK ZDWHURQO\
DQGLQMHFWLRQRIVDQGDUHVKRZQLQILJDQGILJUHVSHFWLYHO\$
GLVWLQFW SUHVVXUH GURS LQ HDFK F\FOH LQGLFDWHV WKH LQLWLDWLRQ RU
UHRSHQLQJ RI D IUDFWXUH 7KH UHVXOWV IURP K\GUDXOLF IUDFWXULQJ
XVLQJ ZDWHURQO\ LQ %EK DQG K\GUDXOLF IUDFWXULQJ ZLWK
LQMHFWLRQRIVDQGLQ%EKDUHRPLWWHGGXHWRWURXEOHZLWKWKHGDWD
ORJJHU 0DQXDO REVHUYDWLRQV RI WKH ZDWHU SUHVVXUH GXULQJ
LQMHFWLRQ RI VDQG LQ %EK DUH JLYHQ LQ WDE 7KH VWLPXODWLRQV
DOZD\VVWDUWVLQWKHERWWRPRIWKHERUHKROHDQGWKHILUVWHYHQWWR
WKH OHIW LQ WKH SUHVVXUHWLPH FXUYHV UHSUHVHQW WKH ORZHVW
VWLPXODWLRQOHYHO LQ WKH ERUHKROH DFFRUGLQJ WR WKH LQIRUPDWLRQ








)LJXUH  3UHVVXUH OHYHOV IURP K\GUDXOLF IUDFWXULQJ ZLWK
LQMHFWLRQRIVDQGDW%U\QDQG($%$FFRUGLQJWRWKHLQMHFWLRQ




)LJXUH  5HVXOWV IURP WHVW SXPSLQJ DW /DGH DQG %U\Q














   
   




K\GUDXOLF IUDFWXULQJ SHUIRUPHG DW /DGH %U\Q DQG ($% VKRZV
WKDW WKHUHTXLUHGSUHVVXUH OHYHOV LQRUGHU WRFUHDWHQHZIUDFWXUHV
YDULHV FRQVLGHUDEO\ $W /DGH WKH SUHVVXUH OHYHOV ZHUH WRR ORZ
3PD[ a  EDUV WR LQLWLDWH QHZ IUDFWXUHV 7KH SHDN SUHVVXUHV
SUHVHQWDW%U\QH[FHHGEDUVZKLOHWKHDQDORJRXVSUHVVXUHVDW
($% UHDFKHV  EDUV $W %U\Q   RXW RI  RI WKH
VWLPXODWLRQV ZLWK K\GUDXOLF IUDFWXULQJ ZHUH LQWHUSUHWHG DV
LQLWLDWLRQRUUHRSHQLQJRIIUDFWXUHVZKLOHWKHQXPEHUIRU($%LV
  RXW RI  7KH ORZHU GHJUHH RI IUDFWXULQJ DW %U\Q LV
OLNHO\WREHDUHVXOWRIKLJKURFNVWUHVVHVDQGKLJKWHQVLOHVWUHQJWK
RIWKHEHGURFN5HVXOWVIURPURFNVWUHVVPHDVXUHPHQWVSHUIRUPHG
LQ %EK LPSO\ WKDW WKH YDOXH RI WKH PLQLPXP SULQFLSDO VWUHVV
YDULHVIURP03DDQGWKHWHQVLOHVWUHQJWKRIWKHEHGURFN
LV EHWZHHQ  03D -yKDQQVVRQ  &RQVLGHULQJ WKH
EHGURFN DW ($% FKDUDFWHUL]HG DV D OLPH ULFK VFKLVW WKH WHQVLOH
VWUHQJWK LV DVVXPHG WR EH OHVV WKDQ WKH YDOXHV SUHVHQW DW %U\Q
7KH SUHVVXUHWLPH FXUYHV IURP WKH K\GUDXOLF IUDFWXULQJ ZLWK
LQMHFWLRQ RI VDQG DW %U\Q ILJ HYHQ WKRXJK VWLPXODWLQJ






H[FHSW IRU %EK 7KH PDQXDOO\ UHFRUGHG ZDWHU SUHVVXUH GDWD
IURP WKH K\GUDXOLF IUDFWXULQJ ZLWK LQMHFWLRQ RI VDQG LQ %EK
VKRZWKDWWKHPLQLPXPFRXQWHUSUHVVXUHEHIRUHLQMHFWLQJWKHVDQG
YDULHVEHWZHHQEDUV7KHVHYDOXHVDUH ORZHU WKDQPRVWRI
WKH FRUUHVSRQGLQJ YDOXHV UHJLVWHUHG IRU WKH RWKHU ERUHKROHV $
SRVVLEOHH[SODQDWLRQRIWKHORZFRXQWHUSUHVVXUHVUHJLVWHUHGLQ%
EKDQGWKHUHODWLYHO\VPDOOLQFUHDVHLQERUHKROH\LHOGFRPSDUHG
WR WKH FRUUHVSRQGLQJ ERUHKROHV FRXOG EH DV IROORZV )UDFWXUHV
ZKLFKKDYH D VWDEOH DQG ORZFRXQWHU SUHVVXUH HJ OHVV WKDQ
EDUV EHIRUH WKH LQMHFWLRQ RI VDQG GR KDYH OHVV QHHGRI VDQG DV
VSDFLQJ SDUWLFOHV FRPSDUHG ZLWK IUDFWXUHV ZLWK KLJKHU FRXQWHU
SUHVVXUH HJ KLJKHU WKDQ  EDUV$ SHUPDQHQW LQFUHDVH LQ WKH
ERUHKROH\LHOGPD\EHDFKLHYHGE\LQMHFWLQJSURSSLQJDJHQWVLQWR
IUDFWXUHVZLWKKLJKHUFRXQWHUSUHVVXUH!EDUVZKLOHIUDFWXUHV
KDYLQJ ORZHU FRXQWHU SUHVVXUH FRXOGEH FRQVLGHUHG DV RSHQ DQG
WKXV ZLOO UHPDLQ VR 7KH K\GUDXOLF FRQGXFWLYLW\ RI IUDFWXUHV













IUDFWXUHV ZLWK KLJK FRXQWHU SUHVVXUH !  EDUV FRPSDUHG
ZLWKIUDFWXUHVZLWKORZHUFRXQWHUSUHVVXUH
x 7KH URFNVWUHQJWKDQG URFNVWUHVVHV LQIOXHQFH WKH VXFFHVVRI











7KLVZRUNZDV VSRQVRUHG E\(QHUJLVHOVNDSHW$VNHU RJ% UXP

































WR GHVFULEH KHWHURJHQHLW\ DQG FRPSOH[ ERXQGDU\ FRQGLWLRQV RI
K\GURJHRORJLFDO VWUXFWXUHV 8WLOL]DWLRQ RI ZLGH SRVVLELOLWLHV RI









DUH JRLQJ WR SUHVHQW WKDW QXPHULFDO HYDOXDWLRQ RI ORQJWHUP
K\GURG\QDPLF WHVW RQH \HDU GXUDWLRQ GRQH RQ D JURXS RI 
ERUHKROHVDERXWPGHHSLQWKHFRPSOLFDWHGK\GURJHRORJLFDO
VWUXFWXUH RI &DUSDWKLDQ IRUH GHHS 0LRFHQH UHVXOWHG LQ
JHRORJLFDOO\ UHDVRQDEOH LGHD RQ K\GUDXOLF FRQGXFWLYLW\
GLVWULEXWLRQ 7KH VROXWLRQ RI SUREOHP UHTXLUHG KLJK
FRQFHSWXDOLVDWLRQ&RPSOLFDWHGJHRORJLFDOFRQGLWLRQVDUH W\SLFDO
EODUIDFLHVGHYHORSPHQWRIDTXLIHUDOWHUQDWLRQRISHUPHDEOHDQG
LPSHUPHDEOH OD\HUV OHQWLOV DQGYHU\ ORZNQRZOHGJHRI WHFWRQLF
VWUXFWXUH 0LRFHQH V\VWHP RI DTXLIHUV ZDV VLPXODWHG E\ RQH
PRGHO OD\HU DQG LWV FDOLEUDWHG WUDQVPLVLYLW\ LV DVVXPHG WR EH D
UDWH RI WKLFNQHVV RI SHUPHDEOH OD\HUV 7KH FDOLEUDWLRQ SURYHG
H[LVWHQFHDQGWKHFUXFLDOIORZFRQWUROOLQJUROHRIK\GURJHRORJLFDO
VWUXFWXUH RI 1:6( GLUHFWLRQ LGHQWLFDO ZLWK GLUHFWLRQ RI
JHRPRUSKRORJLF VWUXFWXUHRI+RUQRPRUDYVNê~YDODQGVXSSRVHG
WHFWRQLFVWUXFWXUHGLUHFWLRQILJ




WHVWV WKH FDOLEUDWHG PRGHO ZDV UHDG\ IRU SUHGLFWLRQV 7KH
SUHGLFWLRQV ZHUH SURYHG E\ FRQWLQXDWLRQ RI SXPSLQJ WHVW DQG
PRGHO ZDV RQO\ VOLJKWO\PRGLILHG DQG XVHG IRU RSWLPLVDWLRQ RI
ORQJWHUPH[SORLWDWLRQRIWKLVK\GURJHRORJLFDOVWUXFWXUH
7KHVHFRQGFDVHVWXG\EHLQJSUHVHQWHGLVDLPHGDWQXPHULFDO
HYDOXDWLRQ RI VSHFLDO K\GURG\QDPLF WHVWV 02')/2: FRGH
IRFXVHG RQ WKH DVVHVVPHQW RI YHUWLFDO FRPSRQHQW RI K\GUDXOLF
FRQGXFWLYLW\LQWKHULYHUYDOOH\WHUUDFH
7KUHH±GLPHQVLRQDO PRGHOV RI JURXQGZDWHU IORZ UHTXLUH
NQRZOHGJH RI YHUWLFDO FRPSRQHQW RI K\GUDXOLF FRQGXFWLYLW\





7ZR JURXSV RI ERUHKROHV ZHUH GULOOHG IRU SHUIRUPDQFH RI
K\GURG\QDPLF WHVWV SXPSLQJZHOODQGREVHUYDWLRQZHOOV LQ
HDFKJURXS
&RQVWUXFWLRQ RI WKH ILUVW JURXS RI ERUHKROHV ± VHH WDE
5DSDQWRYiHWDO
(DFK RI WKUHH GHSWK KRUL]RQV ZDV SXPSHG VHSDUDWHO\ DQG
UHVSRQVH RQ DOO KRUL]RQV RSHQHG E\ ERUHKROHV ZDV REVHUYHG













KRUL]RQWDO.K  [ [ [
YHUWLFDO.Y   [ [
6SHFLILF\LHOG6Y    







1XPHULFDO PRGHOV RI JURXQGZDWHU IORZ DQG FRQWDPLQDQW
WUDQVSRUW EHFRPH YHU\ SRSXODU HVSHFLDOO\ LQ SUHGLFWLYH
DSSOLFDWLRQV 3UHGLFWLRQV KRZHYHU VKRXOG EH GRQH RQ FDOLEUDWHG
DQG YDOLGDWHG PRGHOV LQYHUVH WDVN UHDOLVWLFDO\ GHVFULELQJ
K\GURG\QDPLFV\VWHPVZLWKLWVFRPSOH[LW\DQGKHWHURJHQHLW\
&RQFHUQLQJ 3URVWHMRY VLWH FDVH VWXG\  WKLV LV WKH FDVH RI
GXDO SRURVLW\ HQYLURQPHQW SRURXVIUDFWXUH:LWK UHJDUG WR WKH
VFDOH RI REVHUYDWLRQ ZH DUH DEOH WR GHILQH UHSUHVHQWDWLYH
HOHPHQWDU\YROXPH5(9ZLWKDYHUDJHK\GUDXOLFFKDUDFWHULVWLFV
DQG XVH QXPHULFDO PRGHOV GHULYHG SULPDULO\ IRU SRURXV PHGLD
6LPLODU DSSURDFK SURYHG WR EH VXLWDEOH DOVR IRU JURXQGZDWHU








)HQGHNRYi01pPHWK\ 3 äHQLãRYi =.UþPiĜ' )ĐDNRYi5
 7KH LQWHUUHODWLRQVKLS EHWZHHQ JURXQGZDWHU DQG




*UPHOD $ 'YRUVNê - 5DSDQWRYi 1 2QGHUND 2 .XOLFK 9
3OiãHN 2 ,GHV '  6WXGLH K\GURJHRORJLFNêFK SURSRMHQt
PH]L RVWUDYVNRX D RGHUVNRX þiVWt ]DWiSČQp RVWUDYVNp GtOþt
SiQYH)LQDOUHSRUW+61R=32VWUDYDSS
+DUEDXJK$:0F'RQDOG0*8VHUVGRFXPHQWDWLRQIRU
02')/2: ± DQ XSGDWH WR WKH 86 *HRORJLFDO 6XUYH\





+*),*, ± )LQDO UHSRUW RI SURMHFW '$1&(( Ä&RPSOH[
3URWHFWLRQ RI 2VWUDYD1RYi 9HV *URXQGZDWHU 6RXUFH³
2VWUDYDSS







ERUHKROH GHSWK FRQVWUXFWLRQ *:OHYHO RSHQHGOD\HUV GHSWKRIILOWHU SLH]RPHWHU
GHSWK
c  SXPSLQJ (9   
d  

309    c  
309    c  
REVHUYDWLRQ


























IORZ E\ HYHU\ VSULQJ SUHVHQWV VHYHUDO WHQGHQF\ OLQHV ZLWK GLIIHUHQW JUDGLHQWV DV WKH VHULHV VXSSRUWV PXOWLIUDFWDO VSHFWUD ILJ
+RZHYHUWKHFRPSDULVRQEHWZHHQWKHSULQFLSDOWHQGHQF\OLQHVRIHYHU\VSULQJDOVRVKRZVGLIIHUHQFHVEHWZHHQWKHPWKDWFDQEHUHODWHG



















































































$ E V W U D F W   3XPSLQJ WHVWV ZHUH FDUULHG RXW LQ D JURXS RI QLQH ERUHKROHV LQ JUDQLWLF URFN $ VHQVLWLYH IORZPHWHU FDOOHG 3RVLYD
GLIIHUHQFHIORZPHWHUZDVXVHGWRPHDVXUHWKHIORZUHVSRQVH³%DFNJURXQG´IORZUDWHVZHUHILUVWPHDVXUHGLQDOOERUHKROHVZLWKRXW
SXPSLQJ2QHERUHKROHZDVSXPSHGDWDWLPHDQGIORZUHVSRQVHVZHUHPHDVXUHGLQDOOERUHKROHVLQFOXGLQJWKHSXPSHGERUHKROH7KH
ERUHKROHVZHUHRSHQGXULQJDOO WKH WHVWVDQGIORZUDWHVZHUHPHDVXUHGDW WZRPHWHUV LQWHUYDOV)RU LQWHUSUHWLQJ WKHUHVXOWVD VLPSOH












SDFNHUV ZHUH XVHG )RU LQWHUSUHWDWLRQ HDFK ERUHKROH ZDV ILUVW
WHVWHGDVQRUPDOVLQJOHKROHWHVWIORZUDWHVDQGGUDZGRZQZHUH
ILUVW PHDVXUHG ERWK ZLWKRXW SXPSLQJ DQG ZLWK SXPSLQJ WKH
ERUHKROH XQGHU WHVW 7KH ERUHKROHV ZHUH PHDVXUHG ZLWK  P











)LJXUH  6FKHPDWLF SUHVHQWDWLRQ RI WKH SXPSLQJ ERUHKROHV
.5DQG.5$ WR.5$DQGVKDOORZERUHKROHV .5%
WR .5% LQ ZKLFK WKH SXPSLQJ UHVSRQVHV ZHUH DOVR






$ VLPSOH HTXLYDOHQW HOHFWULFDO FLUFXLW ZDV XVHG IRU WKH
LQWHUSUHWDWLRQRI WKH UHVXOWV VHH)LJ(TXLYDOHQWFLUFXLW FDQEH
FUHDWHG IRU YDULRXV VWUXFWXUHV DV EDQGV RU SODWHV +\GUDXOLF
FRQGXFWLYLW\ ZLWK JHRPHWULFDO SDUDPHWHUV FDQ EH FRQYHUWHG WR
FRQGXFWDQFH LQYHUVH RI UHVLVWDQFH 7KH ERUHKROHV DUH HOHFWULFDO
VKRUW FXWV LQ WKH PRGHO DV WKH\ DUH K\GUDXOLF VKRUW FXW LQ WKH
EHGURFN )ORZ FRQYHUWV WR HOHFWULF FXUUHQW DQG KHDG FRQYHUWV WR
YROWDJH
7KHPHDVXUHGSDUDPHWHUVDUHKHDGLQERUHKROHV$DQG%DQG
WKH IORZ UDWHV LQ ERUHKROH % PHDVXUHG LQ WZRPHWHU VHFWLRQV
7KUHHWHVWVDUHDSSOLHGWRHDFKSDLURIERUHKROHVQHLWKHUERUHKROH
LV SXPSHG ERUHKROH % LV SXPSHG DQG ERUHKROH $ LV SXPSHG
7KLVOHDGVWRQLQHHTXDWLRQVZLWKQLQHXQNQRZQV7KHXQNQRZQV
WR EH VROYHG DUH FRQGXFWDQFH * DQG FRQGXFWDQFH * GLVWDQW
SRWHQWLDO8RDQGIORZUDWHVLQWKHPHQWLRQHGWKUHHWHVWV,DDQG,X
VHH)LJ7KHLQWHUFRQQHFWHGIORZFDQEHGHILQHGDVDGLIIHUHQFH











%RWK KHDG DQG IORZ UHVSRQVHV ZHUH FOHDU LQ DOO ERUHKROHV $Q
H[DPSOH RI UHVXOWV LV SUHVHQWHG LQ )LJ %RWK ERUHKROHV .5
DQG.5ZHUHSXPSHGLQWXUQ7KHUHGEDUVKRZVWKHFDOFXODWHG
LQWHUFRQQHFWHGIORZLQSHUFHQWRIWKHFRUUHVSRQGLQJSXPSLQJUDWH
IURP WKH RWKHU ERUHKROH ,Q ERWK FDVHV WKH KLJKHVW UHVSRQVH LV
PXFKODUJHUWKDQWKHRWKHURQHVQRWHWKHORJDULWKPLFVFDOH+LJK






)ORZV ZHUH FRQFHQWUDWHG LQ WKH XSSHU SDUW RI WKH
EHGURFN
)ORZVZHUHFRQFHQWUDWHGLQIHZ]RQHV







7KH RWKHU GUDZQ SDUDPHWHU LV WKH UDWLR RI FRQGXFWDQFHV
EHWZHHQWKHERUHKROHDQGRXWVLGHWKHPHDVXUHGERUHKROHWKHEOXH
EDULQ)LJ,WKDVOHVVFRUUHODWLRQWRK\GUDXOLFFRQGXFWLYLW\WKDQ




0RGHOOLQJ RI WKH SXPSLQJ UHVSRQVHV LQ D ³IXOO´ WKUHH
GLPHQVLRQDO VSDFH LV RQO\ SRVVLEOH ZLWK QXPHULFDO PHDQV ,Q







 ,W LV UHODWLYHO\ IDVW EHFDXVH WKHUH LV QR QHHG WR ZDLW
SUHVVXUH VWDELOL]DWLRQ LQ D QHZ SRVLWLRQ RI IORZ
PHDVXUHPHQWRSHQERUHKROHV
 ,W FDQ GHWHFW DQG TXDQWLI\ WKH PDLQ FRQQHFWLRQV
EHWZHHQWKHERUHKROHV
'LVDGYDQWDJHVDUH
 ,W GRHVQRWSURRIZKLFK]RQHEHORQJV WRZKLFKRQH LQ
GLIIHUHQWERUHKROHV
 )RU WKH SUHVHQW LW LV GLIILFXOW WR H[SODLQ WKH KLJK IORZ
DQGKHDGUHVSRQVH,QRUGHUWRH[SODLQWKHPRQHKDVWR






5RXKLDLQHQ 3  3RVLYD JURXQGZDWHU IORZ PHDVXULQJ
WHFKQLTXHV3URFHHGLQJVRIWKH;;;,,QWHUQDWLRQDO$VVRFLDWLRQ
RI +\GURJHRORJLVWV &RQJUHVV 0XQLFK*HUPDQ\
6HSWHPEHU1HZ$SSURDFKHV&KDUDFWHUL]LQJ*URXQGZDWHU
)ORZ9ROXPH,6%1
/XGYLJVRQ -( +DQVVRQ . 5RXKLDLQHQ 3 0HWKRGRORJ\



















$ E V W U D F W  $PHWKRGIRUFRQVWUXFWLQJJURXQGZDWHUYXOQHUDELOLW\PDSVEDVHGRQ*HRJUDSKLFDO,QIRUPDWLRQ6\VWHPV*,6KDVEHHQ
GHYHORSHG DV D WRRO IRU JURXQGZDWHU UHVRXUFHV SURWHFWLRQ0DSVZHUH HODERUDWHG XVLQJ IRXU DX[LOLDU\ OD\HUV HDFK RQH UHIOHFWLQJ D
SDUWLFXODUSDUDPHWHUWKDWJRYHUQVDFLGLILFDWLRQ)DFWRUVGHWHUPLQLQJYXOQHUDELOLW\DUHHOHYDWLRQDERYHPHDQVHDOHYHOPRUSKRORJ\RI







*URXQGZDWHU DFLGLILFDWLRQ LV D JUHDW HQYLURQPHQWDO SUREOHP LQ
FRXQWULHVRI1RUGLFDQG&HQWUDO(XURSH7KLVSKHQRPHQRQDIIHFWV
DVPXFKWRWKHIORUDDVWRWKHIDXQDQRWRQO\E\WKHGHVFHQWRIWKH
S+ EXW DOVR E\ WKH LQFUHPHQW RI FRQWHQWV LQ WR[LF PHWDOV
DOXPLQLXPDQGFDGPLXPDQGE\WKHORVVRIQXWULHQWVLQWKHVRLO
*URXQGZDWHU DFLGLILFDWLRQ DOVR FDXVHV VHULRXV GDPDJHV WR WKH
IRUHVWV DQG FURSV ,W KDV EHHQ GHPRQVWUDWHG WKDW FHUWDLQ
DJULFXOWXUDO SUDFWLFHV VXFK DV WKH H[FHVVLYH XVH RI IHUWLOLVHUV






3URJUDPPH IRU 0RQLWRULQJ DQG (YDOXDWLRQ RI WKH /RQJ5DQJH
7UDQVPLVVLRQ RI $LU 3ROOXWDQWV LQ (XURSH DQG WKH 1RUWK





LV YHU\ SRRU EHLQJ HVSHFLDOO\ YXOQHUDEOH WR JURXQGZDWHU
DFLGLILFDWLRQ
,Q WKHFDVHRI WKH ,EHULDQ0RXQWDLQV DW WKHPRPHQW LW GRHV
QRWVHHPWRH[LVWVHULRXVLVVXHVRIDFLGLILFDWLRQQHLWKHULQVXUIDFH




DQG DONDOLVDWLRQ HIIHFW GXH WR WKH SUHVHQFH RI FDOFLWH SRZGHU
0HGLWHUUDQHDQZDWHUDQGLWRQO\SURGXFHVDFLGLILFDWLRQLQDUHDV
ORFDWHGQH[W WR WKHUPDOSRZHUSODQWV DV LWKDSSHQV LQ WKH VWXG\
DUHD WKHUPDO SRZHU SODQW RI $QGRUUD ORFDWHG DERXW  NP
DZD\
8QGHU WKLV VLWXDWLRQ RI ORFDOLVHG SUREOHPV PDSV RI
YXOQHUDELOLW\ WR DFLGLILFDWLRQ DUH HVSHFLDOO\ DSSURSULDWH EHFDXVH
WKH\SHUPLW WR ORFDWHSRWHQWLDOO\SUREOHPDWLFDUHDV7KLV W\SHRI
PDSV DUH IUHTXHQWO\ DFFRPSOLVKHG LQ FRXQWULHV ZKHUH WKH DFLG







,EHULDQ 3HQLQVXOD ZLWKLQ WKH ,EHULDQ 0RXQWDLQV QH[W WR LWV
ERXQGDU\ ZLWK WKH 7HUWLDU\ (EUR EDVLQ 7KH DUHD HPEUDFHV WKH













DFLGV ERWK GLVVROYHG LQ WKH UDLQZDWHU KXPLG GHSRVLWLRQ DQG
SUHVHQW LQ WKHSRZGHU FDUULHGE\ WKHZLQG GU\GHSRVLWLRQ DQG
DOVR WR WKHFDSDFLW\RI WKHJURXQG WRQHXWUDOLVH WKLVDFLGLW\7KH
PDLQ IDFWRUV WKDW FRQWURO WKHVH SDUDPHWHUV DUH DOWLWXGH




,Q JHQHUDO JURXQGZDWHU YXOQHUDELOLW\ WR DFLGLILFDWLRQ LQFUHDVHV
ZLWKWKHDOWLWXGH8VXDOO\WKHKLJKHUDOWLWXGHWKHPRUHDEXQGDQW
UDLQIDOOV7KXVKXPLGGHSRVLWLRQLVELJJHUDQGWKHFDSDFLW\RIWKH
JURXQG WR QHXWUDOLVH DFLGLW\ LV ORZHU 6SULQJV LQ KLJK DUHDV DUH
UHODWHGWRORFDOJURXQGZDWHUIORZVZLWKORZUHVLGHQFHWLPHVDQG
WKHUHIRUH WKH\ DUH YHU\ LQIOXHQFHG E\ WKH FKDUDFWHULVWLFV RI WKH
UDLQIDOOZDWHU7KH VWXG\ DUHD KDV EHHQ GLYLGHG LQWR WKUHH DUHDV





$V D UHVXOW RI WKH SUHGRPLQDQW ZLQG GLUHFWLRQ DQG WKH UHOLHI
DQDO\VLV LW LV REVHUYHG WKDW KLOOVLGHV IDFLQJ WKH GRPLQDQW ZLQG
KDYH D KLJKHU YXOQHUDELOLW\ WR WKH GU\ GHSRVLWLRQ :LQG EORZV
IURP YDULDEOH GLUHFWLRQV LQ WKLV DUHD RI DEUXSW WRSRJUDSK\ EXW














7KHUH DUH PDLQO\ WZR JHRORJLF IDFWRUV WKDW FRQWURO DTXLIHU








7KH VXP RI YXOQHUDELOLW\ GHJUHHV IRU HDFK RI WKH FRQVLGHUHG
IDFWRUVDOORZV WRRXWOLQH WKHVSDWLDOGLVWULEXWLRQRIILYHQXPHULF






DQG  YXOQHUDELOLW\ *HQHUDOO\ WKH\ FRUUHVSRQG WR WKH
KLJKHVW DUHDV LQ WKH UDQJHV ORFDWHG RQ TXDUW]LWLF URFNV DQG
FRYHUHG E\ FRQLIHU IRUHVWV ZLWK WKH PD[LPXP UDLQIDOOV IRU
WKH VWXG\ DUHD ,Q WKH9LFRUW UDQJH VOLJKWO\ DFLG S+ YDOXHV
KDYHEHHQPHDVXUHGXSWRDQGFRQFHQWUDWLRQVRI+&2
ORZHU WKDQ  PJ/ LQGLFDWLYH RI D OLJKW JURXQGZDWHU
DFLGLILFDWLRQ





R/RZ EHWZHHQ  DQG  DQG YHU\ ORZ EHORZ 
YXOQHUDELOLW\ 7KH\ FRUUHVSRQG WR DUHDV RXW RI ULVN RI










VHULRXV HQYLURQPHQWDO SUREOHP WKLV LV QRW D SURPLQHQW LVVXH LQ
RXU VWXG\ DUHD ORFDWHG LQ WKH ,EHULDQ 0RXQWDLQV XQGHU
0HGLWHUUDQHDQ LQIOXHQFH 7KH QDWXUH RI WKH0HGLWHUUDQHDQ UDLQV
DQGWKHLPSRUWDQFHRIWKHGU\GHSRVLWLRQIUHTXHQWO\RIFDOFDUHRXV
SRZGHUOHDGWRUDLQZDWHUS+YDOXHVDERYHHYHQEHWZHHQDQG
 /RFDO DFLGLILFDWLRQ SUREOHPV DIIHFWLQJ VRLOV DQG YHJHWDWLRQ
DULVH RQO\ LQ DUHDV QH[W WR WKHUPDO SRZHU SODQWV DV WKDW RI
$QGRUUD7HUXHOGXHWRJDVHVDQGPDLQO\WR6SDUWLFOHV,QWKHVH
FLUFXPVWDQFHV WKH DFFRPSOLVKPHQW RI PDSV RI YXOQHUDELOLW\ WR
DFLGLILFDWLRQ LVHVSHFLDOO\XVHIXO VLQFH WKH\VXPPDULVH WKHDUHDV
ZKHUHVXFKSUREOHPVFDQWDNHSODFH6XPPDULVLQJIRUWKH9LFRUW
UDQJH WKH PRVW YXOQHUDEOH SODFHV FRUUHVSRQG WR WKH TXDUW]LWLF
URFNV WRSRJUDSKLFDOO\ ORFDWHG LQ WKHKLJKHUDUHDVZLWKDUERUHDO
YHJHWDWLRQ FRYHU HVSHFLDOO\ RI FRQLIHUV 5HFRYHU\ RI WKH
DXWRFKWKRQRXV YHJHWDWLRQ 4XHUFXV FDQ EH DQ DSSURSULDWH




7KLVZRUNKDVEHHQFDUULHGRXW LQ WKH IUDPHZRUNRI WKH3URMHFW
/2:5*5(3 /DQGVFDSHXVH2SWLPL]DWLRQ:LWK5HJDUGVRI WKH










-L]HUVNH 0RXQWDLQV QRUWKHUQ &]HFK 5HSXEOLF 0DS
FRQVWUXFWLRQ DQG UHOLDELOLW\ RI D *,6EDVHG YXOQHUDELOLW\
+\GURJHRORJ\-RXUQDO
7KXQEHUJ % < +DQQHEHUJ 3  $FLGLILFDWLRQ DQG DLU















$ E V W U D F W ,QWKHQRUWKHUQSDUWRI1LFDUDJXDZDWHUVXSSO\KDVEHFRPHDQLQFUHDVLQJSUREOHPDVJURXQGZDWHUUHVRXUFHVDUHVFDUFH
DQGVXUIDFHZDWHULVEHLQJDIIHFWHGE\KXPDQDFWLYLWLHV7KHQDWXUDOGLVDVWHULQFDXVHGE\KXUULFDQH0LWFKJDYHDQDOHUWRQZDWHU
UHVRXUFHV PDQDJHPHQW DV PDQ\ VRXUFHV EHFDPH FRQWDPLQDWHG GXULQJ IORRGV 7KH QHHG WR H[SORUH JURXQGZDWHU VRXUFHV LQ WKH
VXUURXQGLQJVRI2FRWDOQRUWKHUQ1LFDUDJXDLVLQFUHDVLQJ7KLVJHRSK\VLFDOVXUYH\LQFOXGLQJWZHQW\IRXU9HUWLFDO(OHFWULFDO6RXQGLQJV








,Q WKH QRUWKHUQ SDUW RI 1LFDUDJXD ZDWHU VXSSO\ EHFRPHV DQ
LQFUHDVLQJ SUREOHP DV ZDWHU UHVRXUFHV DUH JHWWLQJ VFDUFH DQG
DIIHFWHG E\ KXPDQ DFWLYLWLHV 7KH QDWXUDO GLVDVWHU FDXVHG E\
KXUULFDQH 0LWFK LQ  JDYH DQ DOHUW RQ WKH QHHG WR GHYHORS
ZDWHU UHVRXUFHVPDQDJHPHQW DVPDQ\ VRXUFHVJRW FRQWDPLQDWHG
ZLWK VHZDJH GXULQJ IORRGV 7KLV LQYHVWLJDWLRQ ZDV FDUULHG RXW
ZLWKLQWKHIUDPHZRUNRIDQDVVLVWDQFHSURJUDPPHIXQGHGE\WKH
(XURSHDQ 8QLRQ ZLWK WKH DLP RI ILQGLQJ QHZ JURXQGZDWHU
VRXUFHV
7KHFLW\RI2FRWDO LV ORFDWHGNPQRUWK IURP WKHFDSLWDO
0DQDJXD7KHDUHDLVGUDLQHGE\WKHXSSHUPRVWSDUWRIWKH&RFR
ULYHUEDVLQRQHRIWKHELJJHVWLQ&HQWUDO$PHULFDDQGRIWKH






'HQJR  /LPHVWRQH LV IRXQG QRUWKZHVW RI WKH DUHD 'HO




ZDV GRQH LQ WKH DUHD ZLWK WKH DLP WR XQGHUVWDQG WKH PDLQ
VWUDWLJUDSKLFDQGWHFWRQLFIHDWXUHV6SHFLDODWWHQWLRQZDVJLYHQWR
JHRORJLFDO DQG VWUXFWXUDO FKDUDFWHULVWLFV WKDWPLJKW EH UHODWHG WR
JURXQGZDWHU SUHVHQFH 2EVHUYDWLRQV LQ GXJ DQG GULOOHG ZHOOV
ZHUH PDGH WR PHDVXUH ZDWHU OHYHOV DQG GRFXPHQW WKH
VWUDWLJUDSK\
7KH 9HUWLFDO (OHFWULFDO 6RXQGLQJV 9(6 ZHUH ZHOO
GLVWULEXWHG WRFRYHUPRVWRI WKHDUHDDQGEHDEOH WRFKDUDFWHULVH




































































,Q VLWXPHDVXUHPHQWVRI WKH UHVLVWLYLW\ UHVSRQVH IURPGLIIHUHQW
PDWHULDOV SUHVHQW LQ WKH DUHD ZHUH DOVR PDGH XVLQJ D PLQLDWXUH






IDXOW 7KLV IUDFWXUH FDQ EH REVHUYHG DW  P RQ WKH UHVLVWLYLW\
LQYHUVLRQRI&9(6ILJ
:LWK WKH UHVXOWV RI WKH YHUWLFDO VRXQGLQJV HLJKW HOHFWULFDO
VHFWLRQV ZHUH GHYHORSHG )URP WKHVH HOHFWULFDO VHFWLRQV LW ZDV
SRVVLEOHWRLGHQWLI\IRXUOD\HUV/D\HU$ZLWKUHVLVWLYLW\YDOXHV
RKPP/D\HU%ZLWKYDOXHVIURP2KPPWR2KPP/D\HU
&ZLWK YDOXHV IURP 2KPP WR 2KPP DQG/D\HU'ZLWK
UHVLVWLYLW\YDOXHV!2KPPILJ
7KH ORZHU UHVLVWLYLW\ YDOXHV /D\HU$ DUH KHUH LQWHUSUHWHG DV
EODFN FOD\ DQG VFKLVW 7KLV IUDFWXUHG PHWDPRUSKLF XQLW LV RIWHQ
RYHUODLG E\ UDWKHU UHVLVWLYH FRDUVH VDQG ZLWK LQWHUODFHG EURZQLVK
OLPH/D\HU%7KHODWWHUKDVEHWWHUFRQGLWLRQVWRIRUPDQDTXLIHU


































)LJXUH  ([DPSOH RI UHVXOWV $ERYH HOHFWULFDO VHFWLRQ ((¶


















7KH LQYHUVLRQ UHVXOWV RI WKH &9(6 LQGLFDWH UHVLVWLYLW\
YDOXHV WKDW PDWFK ZHOO ZLWK WKH UHVXOWV IURP WKH YHUWLFDO
VRXQGLQJV%DVHGRQREVHUYDWLRQVRIZDWHUOHYHOVLQZHOOVDQG
WKHJHRORJ\EDFNJURXQGWKHDUHDVZLWKUHVLVWLYLW\YDOXHVIURP






,Q WKH VWXG\ DUHD WKH DTXLIHU LV FKDUDFWHULVHG E\ UHVLVWLYLW\
YDOXHV UDQJLQJ IURP  2KPP WR  2KPP 7KH DTXLIHU
WKLFNQHVVLVDURXQGPDQGWKHPHDQGHSWKWRJURXQGZDWHULV
P$FFRUGLQJWRWKHJHRHOHFWULFDOUHVXOWVWKHUHDUHWZRDUHDV
ZLWKPRUH IDYRXUDEOH FRQGLWLRQV IRU JURXQGZDWHU RFFXUUHQFH
RQHLQWKHQRUWKHUQSDUWRIWKHDUHDDQGDQRWKHULQWKHHDVWHUQ
SDUW *URXQGZDWHU VWRUHG LQ WKH DTXLIHU PLJKW EH GLVFKDUJHG






7KLV LQYHVWLJDWLRQ KDV EHHQ FDUULHG RXW XQGHU WKH DXVSLFHV RI
WKH(8WKURXJKWKH5HJLRQDO3URJUDPPHIRU5HFRQVWUXFWLRQRI
&HQWUDO$PHULFD355$&16(
7KH DXWKRUV ZRXOG OLNH WR WKDQN WKH &HQWUR GH
,QYHVWLJDFLRQHV *HRFLHQWtILFDV &,*(281$1 DQG WKH








'HO *LXGLFH '  $SXQWHV VREUH OD JHRORJtD GH 1XHYD
6HJRYLD >1RWHV RQ WKH JHRORJ\ RI1XHYD 6HJRYLD@ %ROHWtQ
GHO6HUYLFLR*HROyJLFR1DFLRQDOGH1LFDUDJXD
'HQJR *  (VWUXFWXUD JHROyJLFD QHRWHFWyQLFD \
PRUIRORJtD GH $PpULFD &HQWUDO >*HRORJLFDO VWUXFWXUH
QHRWHFWRQLFV DQGPRUSKRORJ\RI&HQWUDO$PHULFD@0p[LFR
&HQWUR5HJLRQDOGH$\XGD7pFQLFDSS
/RNH0+ 5DSLG' UHVLVWLYLW\ DQG ,3 LQYHUVLRQXVLQJ
WKHOHDVW±VTXDUHVPHWKRG*HRHOHFWULFDO,PDJLQJ'DQG'
6RIWZDUHPDQXDOSS
3,(2 &HQVRGH3R]RV\2MRVGH$JXD HQ HO9DOOH GH
2FRWDO>,QYHQWRU\RIZHOOVDQGVSULQJVLQWKH2FRWDOYDOOH\@


















$ E V W U D F W   7KLV SDSHU SUHVHQWV D PHWKRG WR LQWHUSUHW GUDZGRZQ DQG UHVLGXDO GUDZGRZQ GDWD RI SXPSLQJ WHVWV LQ IUDFWXUHG
NDUVWLILHG OLPHVWRQH RQ WKH EDVLV RI WKH GRXEOHSRURVLW\ FRQFHSW:LWK .D]HPL¶V HW DO  VWUDLJKW OLQH PHWKRG WKH DTXLIHU
FKDUDFWHULVWLFV RI WUDQVPLVVLYLW\ DQG VWRUDWLYLW\ RI ERWK SXPSLQJ DQG UHFRYHU\ VWDJH DUH PDWKHPDWLFDOO\ IRUPXODWHG ZLWKRXW DQ\





7KH PHWKRG ZH SUHVHQW KHUH LV EDVHG RQ WKH GRXEOHSRURVLW\
WKHRU\ZKLFKFRQFHSWXDOL]HVWKHIUDFWXUHGURFNVDVDFRPSRVLWLRQ
RIWZRPHGLDWKHIUDFWXUHVRIKLJKSHUPHDELOLW\DQGORZVWRUDJH
FDSDFLW\ DQG WKH PDWUL[ EORFNV RI ORZ SHUPHDELOLW\ DQG KLJK
VWRUDJH FDSDFLW\ 3XPSLQJ WHVWV LQ WKH IUDFWXUHG URFNV RIWHQ
H[KLELWGUDZGRZQFXUYHRIWKUHHGLVWLQFWSKDVHVWKDWLV
 (DUO\ SXPSLQJ WLPH ZKHQ PRVW RI WKH JURXQGZDWHU IORZV
IURP VWRUDJH LQ WKH IUDFWXUHV DQG WKHGUDZGRZQ LVGHVFULEHG LQ



















   
ZKHUH V LV WKH GUDZGRZQ REVHUYHG DW D GLVWDQFH U 4 LV WKH
SXPSLQJ UDWH: LV WKH 7KHLV ZHOO IXQFWLRQ 6I LV WKH VWRUDJH
FRHIILFLHQWRUVWRUDWLYLW\PRVWO\RIWKHIUDFWXUHQHWZRUN7 LVWKH
DTXLIHUWUDQVPLVVLYLW\
 0HGLXP SXPSLQJ WLPH D WUDQVLWLRQ SHULRG GXULQJ ZKLFK D
UHODWLYH VWDELOL]DWLRQ RI WKH GUDZGRZQ LV REVHUYHG GXH WR WKH
LQFUHDVLQJGUDLQDJHRIWKHJURXQGZDWHUFRPLQJIURPWKHSRURVLW\
RIWKHPDWUL[EORFNV,QDGUDZGRZQYHUVXVORJWLPHGLDJUDPWKLV
SKDVH LV FKDUDFWHUL]HG E\ DQ LQIOHFWLRQ SRLQW DQG VRPHWLPHV D
QHDUO\FRQVWDQWGUDZGRZQIRUFHUWDLQWLPHLQWHUYDO
 /DWH SXPSLQJ WLPH ZKHQ LW FDQ EH FRQVLGHUHG WKDW WKH





















ZKHUH 6P LV WKH VWRUDWLYLW\ RI WKH PDWUL[ EORFNV *LYHQ VPDOO





































ZKLFK FDQ EH XVHG WR FRPSXWH 7 6I DQG 6P ZLWK WKH VWDQGDUG
SURFHGXUH RXWOLQHG IRU WKH .D]HPL HW DO¶V VWUDLJKWOLQHPHWKRG
.D]HPLHWDO.UXVHPDQDQGGH5LGGHU
$VWKHSXPSLQJVWRSVWKHUHFRYHU\VWDUWV*LYHQWKHSXPSLQJ
WHVWKDVSURJUHVVHG VXIILFLHQWO\ IDU LQ WKHUGSKDVH WKH UHFRYHU\
ZLOO DOVR H[KLELW WKUHH GLVWLQFW SKDVHV ,Q WKH ILUVW SKDVH WKH









































ZKHUH WKH VXSHUVFULSW µ FRUUHVSRQGV WR WKH FKDUDFWHULVWLFV RI
UHFRYHU\VWDJHDQGW¶LVHODSVHGWLPHVLQFHWKHSXPSLQJFHDVHV
7KHVHFRQGSKDVHLVDJDLQDWUDQVLWLRQSHULRGZKHQDOVRJUDGXDOO\
WKH SRUHPDWUL[ LV UHFRYHULQJ ,Q WKHUG SKDVHERWK WKH IUDFWXUH
























































































)RU KDUG URFN WKH SXPSLQJ GRHV QRW FUHDWH D PHFKDQLFDO
FRQVROLGDWLRQ RI WKH DTXLIHU EXW LW FDQ PRGLILHV VOLJKWO\ LWV
FRPSUHVVLELOLW\ GXULQJ ORDGLQJ SXPSLQJ DQG XQORDGLQJ
UHFRYHU\ZKLFK UHVXOWV LQ 
II 66 z DQG


PP 66 z 0RUH
LPSRUWDQW WKH REWDLQHG WUDQVPLVVLYLW\ YDOXHV LQ SXPSLQJ DQG
UHFRYHU\ FRQGLWLRQV FDQ EH TXLWH GLIIHUHQW GXH WR D QXPEHU RI
IDFWRUV )RU LQVWDQFH LI WKH ERUHKROH ZDV QRW HQWLUHO\ FOHDQHG
EHIRUHWKHSXPSLQJWHVWLVFDUULHGRXWWKHSXPSLQJKDVSRVVLEO\
UHPRYHG PRVW RI WKH PXGG\ PDWHULDOV SUHVHQW LQ WKH IUDFWXUHV




















































ZKHUH  FRUUHVSRQGV WR WKH SXPSLQJ GUDZGRZQ H[WHQGHG ZLWK




REWDLQHGZLWK(T &RQVHTXHQWO\ DQ\ LQDFFXUDF\RUHUURU LQ




NDUVWLILHG FDUERQDWH URFNV LQ WKH 1RUWKZHVW RI 9LHWQDP 7KH
GUDZGRZQGDWDDUHPHDVXUHGLQWKHSXPSHGZHOO7KHUHIRUHWKH




7KH WUDQVPLVVLYLW\ 7 HVWLPDWHG GXULQJ WKH SXPSLQJ VWDJH LV
HYDOXDWHG WR  PG 7KH VWUDLJKW OLQH RI WKH UG SKDVH LV
H[WHQGHGZKLFKHQDEOHV WRFRPSXWHTXDQWLW\ V±V¶ IRU UHFRYHU\
GXUDWLRQ )LQDOO\ WKH WUDQVPLVVLYLW\ 7¶ HYDOXDWHG GXULQJ WKH
UHFRYHU\VWDJHLVPG
,Q FRQFOXVLRQ WKH SURSRVHG LQWHUSUHWDWLRQ PHWKRGV RI
SXPSLQJ DQG UHFRYHU\ GUDZGRZQ DOORZ ZKHQ XVHG MRLQWO\ WR
HVWLPDWH H[SOLFLWO\ WKH WUDQVPLVVLYLW\ DQG VWRUDWLYLW\ IRU ERWK








HYDOXDWLQJ IRUPDWLRQ FRQVWDQWV DQG VXPPDUL]LQJ ZHOO ILHOG
KLVWRU\$P*HRSK\V8QLRQ7UDQV













































7  P G
W PLQ

























7¶  P G
6¶ 7¶W¶ UI¶  

W¶ PLQ





















$ E V W U D F W   7KLVSDSHUGHVFULEHVDFRPSDUDWLYHWUDFHUVWXG\RQWKH0LGGOH&KDONLQ&DPEULGJHVKLUH(DVW(QJODQGWRLQYHVWLJDWH










7KH ZDWHU TXDOLW\ LQ (XURSHDQ DTXLIHUV LV DW ULVN IURP
DQWKURSRJHQLFFRQWDPLQDQWVERWKIURPGLIIXVHDQGSRLQWVRXUFHV
$Q HFRQRPLFDOO\ DQG HFRORJLFDOO\ LPSRUWDQW DTXLIHU LQ(QJODQG
DQGLQRWKHUFRXQWULHVRI1RUWK:HVW(XURSHLVWKH&KDONDQGLWV
YXOQHUDELOLW\WRSROOXWLRQLVDVRXUFHRIRQJRLQJFRQFHUQ
7KH &KDON LV D IUDFWXUHG URFN ZLWK D ILQHJUDLQHG SRURXV
PDWUL[ZKHUHWKHIUDFWXUHVJUHDWO\HQKDQFHWKHSHUPHDELOLW\DQG
WKH PDWUL[ SURYLGHV PRVW RI WKH SRURVLW\ DQG VWRUDJH FDSDFLW\
0LJUDWLRQ RI ZDWHU DQG VROXWHV WKURXJK WKH XQVDWXUDWHG ]RQH LV
QRW IXOO\XQGHUVWRRGDV WKH IORZSURFHVVPD\EH WKH UHVXOWRI D
FRPSOH[ LQWHUDFWLRQ EHWZHHQ ERWK GRPDLQV ,Q JHQHUDO LW LV
DVVXPHG WKDW D VXEVWDQWLDO SDUW RI WKH IORZ JRHV WKURXJK WKH
PDWUL[ SRUHV DV SLVWRQ GLVSODFHPHQW DQG IUDFWXUH IORZ LV RQO\
JHQHUDWHG GXULQJ SHULRGV RI KLJK UHFKDUJH UDWHV +HQFH WKH
XQVDWXUDWHG FKDON LV D GRXEOHSHUPHDELOLW\PHGLXP DOEHLW ZLWK
ZLGHO\FRQWUDVWLQJYHORFLWLHV IRUE\SDVV IORZ WKURXJK IUDFWXUHV




IUDFWXUHZDWHU DQG WKHQHDUO\ VWDWLFPDWUL[ZDWHU DQG WKHH[WHQW
RI WKLV GLIIXVLYH H[FKDQJH ODUJHO\ GHWHUPLQHV WKH YHORFLW\ RI
VROXWH WUDQVSRUW WR WKH JURXQGZDWHU WDEOH ,Q WKLV UHVSHFW WZR
H[WUHPH VLWXDWLRQV FDQ EH YLVXDOL]HG ,Q WKH ILUVW RQH IUDFWXUH
IORZDOORZVFRPSOHWHGLIIXVLYHHTXLOLEULXPZLWKWKHVXUURXQGLQJ
PDWUL[ ILJD $W DQ\ SRLQW DORQJ WKH IUDFWXUH WKH VROXWH
FRQFHQWUDWLRQVRI WKHIUDFWXUHDQGLWVVXUURXQGLQJPDWUL[ZLOOEH
HTXDO WKLV VLWXDWLRQ ZDV FDOOHG WKH ³FKURPDWRJUDSKLF
DSSUR[LPDWLRQ´ E\ %DUNHU DQG )RVWHU  7KH RSSRVLWH
VLWXDWLRQ DULVHV ZKHQ QR GLIIXVLRQ H[FKDQJH LV RFFXUULQJ DW DOO
ILJE,QWKLVFDVHWKHVROXWHVHIIHFWLYHO\E\SDVVWKHPDWUL[DQG
FDQ WUDYHO TXLFNO\ WRZDUGV WKH ZDWHU WDEOH ZLWKRXW DQ\
FRQVLGHUDEOH DWWHQXDWLRQ <HW WKH DFWXDO ILHOG VLWXDWLRQ IRU DQ\
JLYHQ VLWH LV OLNHO\ WR YDU\ FRQVLGHUDEO\ EHWZHHQ WKHVH WZR
H[WUHPHV ILJF ,Q WKLV FDVH VRPH VROXWH E\SDVVHV WKHPDWUL[
EXW WKH VROXWH ORDG RI WKH IUDFWXUHZDWHU LV JUDGXDOO\ DWWHQXDWHG
DORQJ LWV WUDQVSRUW WKURXJK WKH IUDFWXUH EHFDXVH RI SURJUHVVLYH
ORVV RI VROXWH LQWR WKH PDWUL[ 5HFHQWO\ WKH ZKROH FRQFHSW RI
FRQWLQXRXV IUDFWXUH IORZ KDV EHHQ TXHVWLRQHG E\ 3ULFH HW DO
7KH\DUJXHGWKDWIUDFWXUHIORZFRXOGEHJHQHUDWHGDWDQ\
SRLQWLQWKHXQVDWXUDWHG]RQHDVORQJDVWKHPDWULFSRWHQWLDOULVHV
WR D OHYHO WKDW LV KLJK HQRXJK WR FDXVH DPHQLVFXV WR EULGJH D
IUDFWXUHLQLWVQDUURZSDWKVILJG,QWKLVFDVHWKHIUDFWXUHIORZ
LV GHULYHG IURP WKH PDWUL[ DQG PLJKW HYHQWXDOO\ UHWXUQ WR WKH
PDWUL[ZKHUH WKHPDWULFSRWHQWLDOGURSVDJDLQ7KLV LPSOLHV WKDW
RQ WRS RI GLIIXVLYH H[FKDQJH EHWZHHQ IUDFWXUHV DQG PDWUL[
DGYHFWLYHH[FKDQJHLVSRVVLEOHDVZHOO
7KXV WKHUH LV D ORW RI XQFHUWDLQW\ DERXW WKH FRQGLWLRQV WKDW
WULJJHUE\SDVVIORZDQGDERXWWKHH[WHQWRIGLIIXVLYHLQWHUFKDQJH
EHWZHHQ IUDFWXUHV DQGPDWUL[ )LHOG H[SHULPHQWV RQ XQVDWXUDWHG
FKDON DUH OLPLWHG DQG WUDFHU WHVWV GRQH VR IDUZHUHPDLQO\ UXQ
XQGHU DUWLILFLDOO\ KLJK LQILOWUDWLRQ UDWHV 7KLV SDSHU SUHVHQWV D



















&KDON FRQWDLQHG VXFK WKDW GUDLQDJH ZDWHU FDQ EH FROOHFWHG
.LWFKLQJDQG6KHDUHU2Q WRSRI WKH&KDON OLHVDERXW
FPRIVDQG\VLOWORDPFRYHUHGZLWKJUDVV7KHGUDLQDJHDWDGHSWK
RI PHWUHV LV OHG WKURXJK D VORSLQJ WURXJK DQG UHFRUGHG E\ D
WLSSLQJEXFNHWJDXJHXQGHUQHDWKILJ
$ WUDFHU VROXWLRQ RI GHXWHULXP DQG EURPLGHZDV DSSOLHG LQ
)HEUXDU\ERWKRQWKHO\VLPHWHUVXUIDFH[PDQGRQDQ
DGMDFHQW[PSORW7KHWRWDOGHSWKRILUULJDWHGZDWHUZDVPP
DQGDIWHUZDUGV WKH VLWHZDVH[SRVHG WRQDWXUDOSUHFLSLWDWLRQDQG
HYDSRWUDQVSLUDWLRQ)ROORZLQJWKHWUDFHULUULJDWLRQVDPSOHVRIWKH
O\VLPHWHU GUDLQDJH ZHUH WDNHQ HYHU\ KRXU DQG WKH VDPSOLQJ
IUHTXHQF\ZDVJUDGXDOO\UHGXFHGWRRQFHDGD\DVWKHH[SHULPHQW
ZHQW RQ 7R ORRN DW WKH YHUWLFDO WUDFHU GLVWULEXWLRQ FRUHV ZHUH
GULOOHGRQD[PSORWDGMDFHQWWRWKHO\VLPHWHUDQGFRQFXUUHQWO\
FRUHV ZHUH GULOOHG RQ WKH VDPH VLWH RXWVLGH WKH WUDFHULUULJDWHG
DUHD WR GHWHUPLQH WKH WUDFHU EDFNJURXQG FRQFHQWUDWLRQV LQ WKH
SURILOH)RUGHXWHULXPDQDO\VHVZDWHUZDVH[WUDFWHGIURPWKHVRLO
DQG FKDON VDPSOHV E\ D]HRWURSLF GLVWLOODWLRQ ZLWK WROXHQH LQ D
µ'HDQ6WDUN¶ DSSDUDWXV 5HYHV] DQG :RRGV  DQG WKHQ
GHXWHULXPZDVPHDVXUHGZLWKDPDVVVSHFWURPHWHUDWWKH%ULWLVK
*HRORJLFDO 6XUYH\ )RU EURPLGH H[WUDFWLRQ WKH VRLO DQG FKDON
VDPSOHV ZHUH ILUVW RYHQGULHG DQG WKHQ VWLUUHG IRU  KRXUV LQ






7KH UHFRUGLQJV RI UDLQIDOO DQG GUDLQDJH IURP WKH O\VLPHWHU
VKRZHG WKDW WKH WZR UHFKDUJH VHDVRQV FRYHULQJ WKH WUDFHU WHVW
ZHUH IDLUO\ DYHUDJH ZLWK QR UHFKDUJH RFFXUULQJ DW DOO EHWZHHQ
-XQHDQG1RYHPEHU)RUDZKROH\HDUIROORZLQJWKHWUDFHU
LUULJDWLRQ LQ )HEUXDU\  WKH WUDFHU FRQFHQWUDWLRQV LQ WKH
O\VLPHWHUGUDLQDJHQHYHUURVHDERYHWKHLUEDFNJURXQGYDOXHV
PJ/IRUEURPLGHDQGDGYDOXHRI±ÅIRUGHXWHULXP:KLOH
DQDO\VLQJ WKH GLVWULEXWLRQ RI WKH EURPLGH WUDFHU LQ WKH VRLO DQG
FKDON VDPSOHV REWDLQHG IURP FRUH GULOOLQJ D SUREOHP ZDV
HQFRXQWHUHG ZLWK WKH QDWXUDO EDFNJURXQG RI EURPLGH 7KH
FRQFHQWUDWLRQVLQWKHVRLODQGURFNVDPSOHVIURPWKHEDFNJURXQG
FRUHVZHUHVRKLJKXSWRPJ/WKDWWKH\PDVNHGWKHDSSOLHG
EURPLGH LQ WKH WUDFHU SURILOHV WKXV LQYDOLGDWLQJ DQ\ VWDWHPHQW
DERXW WKH EURPLGH WUDFHU GLVWULEXWLRQ 7KLV KLJK EURPLGH
EDFNJURXQGZDVQ¶W DQWLFLSDWHG DQG LV QRW ZHOO XQGHUVWRRG 7KH
GHXWHULXP EDFNJURXQG KRZHYHU LV YHU\ FRQVWDQW DQG WKH FRUH
SURILOHVVKRZDFOHDUGHXWHULXPWUDFHUGLVWULEXWLRQILJ0RVWRI
WKHGHXWHULXPZDV ORVW WR WKHDWPRVSKHUHE\HYDSRWUDQVSLUDWLRQ
E\0D\ -XO\ DQG 'HFHPEHU  WKH IUDFWLRQV RI WKH DSSOLHG
GHXWHULXPWKDWZHUHUHFRYHUHGLQWKHFRUHSURILOHVZHUHRQO\
 DQG  UHVSHFWLYHO\ 2I WKH UHFRYHUHG GHXWHULXP WKH
PDMRULW\ ZDV UHWDLQHG ZLWKLQ WKH XSSHU VRLO OD\HUV DQG WKH
ZHDWKHUHGFKDONXQGHUQHDWKEXWVRPHVHFRQGDU\SHDNVRIWUDFHU
ZHUHSUHVHQWGRZQWRPGHSWK
7KH FRUH SURILOHV VKRZ KLJK YDULDELOLW\ EHWZHHQ LQGLYLGXDO
FRUHSURILOHV LOOXVWUDWLQJVWURQJODWHUDOKHWHURJHQHLW\RIWKHIORZ
DQG WUDQVSRUWSURFHVV0RVWRI WKH WUDFHUDSSHDUHG WRPRYH LQD
SLVWRQOLNHSDWWHUQ VXJJHVWLQJ WKDW WKHPDWUL[ZDV WKHGRPLQDQW
SDWKZD\ +RZHYHU WKH DSSHDUDQFH RI VHFRQGDU\ SHDNV GHHSHU
GRZQ WKH SURILOH LPSOLHV WKDW E\SDVV IORZ WKURXJK WKH IUDFWXUHV
PXVW KDYH RFFXUUHG DV ZHOO <HW WKH DEVFHQFH RI WUDFHU LQ WKH
O\VLPHWHUGUDLQDJHVXJJHVWVWKDWWKHIUDFWUXUHIORZGLGQRWSURYLGH
D FRQWLQXRXV SDWKZD\ IURP WKH JURXQG VXUIDFH WR WKH O\VLPHWHU
EDVHFIUILJGRUWKHIUDFWXUHIORZZDVVXFKWKDWHYHQWXDOO\DOO
RI WKH WUDFHU GLIIXVHG IURP WKH IUDFWXUHV LQWR WKH PDWUL[ FIU
ILJF 7KH VHFRQGDU\ SHDN DW P LQ ILJ  FRLQFLGHVZLWK D












/DUJH 8QGLVWXUEHG /\VLPHWHU WR 0HDVXUH 5HFKDUJH WR WKH
&KDON$TXLIHU(QJODQG-RXUQDORI+\GURORJ\



































$ E V W U D F W   7KH GUDZGRZQV LQPRVW RI WKH ERUHKROHV GULOOHG LQ IUDFWXUHGURFNV LQ 6RXWK$IULFD DUH QRW RQO\ LQIOXHQFHG E\ WKH
SHFXOLDUJHRPHWU\RIWKHDTXLIHUVLHIORZGLPHQVLRQEXWDOVRWKHQRQOLQHDUGHIRUPDWLRQRIWKHDTXLIHUVGXULQJWKHSXPSLQJRID
ERUHKROHDVZHOOWKHGHZDWHULQJRIGLVFUHWHIUDFWXUHVGXULQJWKHVWHSGUDZGRZQRUFRQVWDQWUDWHWHVW







6WHS GUDZGRZQ DQGPXOWLUDWH WHVWV SUHVHQW FRQYHQLHQW WRROV IRU
WKHHVWLPDWLRQRIWKHORQJWHUP\LHOGRIERUHKROHV+RZHYHUWKH
DQDO\WLFDOPHWKRGVFRPPRQO\HPSOR\HGIRUWKHDQDO\VLVRIVXFK
WHVWV DUH DOO EDVHG RQ WKH DVVXPSWLRQ WKDW WKH GUDZGRZQ LQ D




SHFXOLDU JHRPHWU\ RI WKH DTXLIHUV EXW DOVR WKH QRQOLQHDU
GHIRUPDWLRQ RI WKH DTXLIHUV GXULQJ WKH SXPSLQJ RI D ERUHKROH
7KH WZR QHZ QRQOLQHDU PRGHOV IRU WKH DQDO\VLV RI VWHS
GUDZGRZQDQGPXOWLUDWHWHVWVLQWURGXFHGLQWKLVSDSHU$OWKRXJK







.DURR IRUPDWLRQV ZKLFK XQGHUOLH DSSUR[LPDWHO\  RI WKH
FRXQWU\ FRQVLVW PDLQO\ RI VDQGVWRQHV PXGVWRQHV VKDOHV DQG
VLOWVWRQHV 7KH LVRVWDWLF XSOLIW RI .DURR VHGLPHQWV DQG WKH
LQWUXVLRQRI'UDNHQVEHUJODYDVDQGGROHULWHVKDYHIUDFWXUHGWKHVH
IRUPDWLRQVSDUWLFXODUO\ WKH VDQGVWRQH OD\HUV WKDWDUH OHVVHODVWLF
WKDQ WKH UHVW RI WKH URFNV LQ WKH 6XSHUJURXS .DURR DTXLIHUV
WKHUHIRUH QRUPDOO\ FRQWDLQ RQH VRPHWLPHV D IHZ EHGGLQJ




)LJXUH  6FKHPDWLFDO FURVVVHFWLRQ WKURXJK D W\SLFDO .DURR
DTXLIHU

7KH GUDZGRZQ REVHUYHG GXULQJ D FRQVWDQW UDWH WHVW RQ VXFK D
ERUHKROHFRQVHTXHQWO\GLVSOD\VDFRPSOHWHO\GLIIHUHQWEHKDYLRXU
WKDQ WKH GUDZGRZQ LQ D FRQYHQWLRQDO ERUHKROH ,I ERUHKROH
VWRUDJH LV QHJOHFWHG WKH GUDZGRZQ LQLWLDOO\ IROORZV D OLQHDU
WUHQG DV VKRZQ LQ )LJ ZKLFK VXJJHVWV WKDW WKH ERUHKROH
UHFHLYHVLWVZDWHUIURPWKHEHGGLQJSODQHIUDFWXUH7KLVSHULRGLV
IROORZHGE\RQHLQZKLFKWKHIORZLVELOLQHDUZKHQWKHERUHKROH




GRHV QRW H[FHHG WKH UDWH DW ZKLFK WKH PDWUL[ FDQ UHFKDUJH WKH
IUDFWXUH 2WKHUZLVH WKHZDWHU OHYHO ZLOO EHJLQ WR GHFOLQH DJDLQ
DQGVWDELOL]HVDERYHDQRWKHUIUDFWXUHLIRQHLVSUHVHQWRUVLPSO\









6WHS GUDZGRZQ WHVWVZHUH LQWURGXFHG E\ -DFRE  WR VWXG\






µOLQHDUZHOO ORVVFRHIILFLHQW%FDXVHGE\ WKH ORVVRIHQHUJ\ LQ
WKH ERUHKROH LWVHOI 7KH IRUPHU RI WKHVH FRPSRQHQWV FDQ EH
YLHZHG DV WKH GUDZGRZQ RQH ZRXOG REVHUYH LI ZDWHU FRXOG EH
ZLWKGUDZQIURPDQDTXLIHUZLWKRXWWKHORVVRIHQHUJ\UHSUHVHQWHG
E\WKHWHUP%,QRWKHUZRUGV%UZWFDQEHLQWHUSUHWHGDVWKH
WKHRUHWLFDO VROXWLRQ RI WKH JURXQGZDWHU IORZ HTXDWLRQ IRU WKH
DFWXDOSK\VLFDODTXLIHU,WLVFRQVHTXHQWO\LPSRVVLEOHDWOHDVWDW
WKLV PRPHQW WR GLVWLQJXLVK EHWZHHQ WKH WZR OLQHDU ORVVHV LQ


SUDFWLFH -DFRE WKHUHIRUHFRPELQHG WKH WZR WHUPV LQWR WKH OLQHDU
ORVVFRHIILFLHQWGHILQHGE\WKHHTXDWLRQ
 %WU%WU% ZH  
ZKHUH UH LV NQRZQ DV WKH HIIHFWLYH UDGLXV RI D ERUHKROH ZLWK
SK\VLFDOUDGLXVUZ
-DFREGHILQHGUHDVWKHUDGLDOGLVWDQFHIURPWKHYHUWLFDOD[LV
RI WKH ERUHKROH WR D SRLQW ZKHUH WKHZDWHU OHYHO LQ WKH DTXLIHU
HTXDOVWKHZDWHUOHYHOLQWKHERUHKROH7KLVLQWHUSUHWDWLRQOHGKLP
WR GHVFULEH WKH REVHUYHG GUDZGRZQ LQ D SXPSHG ERUHKROH VZ
ZLWKWKHHTXDWLRQ








 LV FRQVWDQW DQG DWWULEXWH WKH H[LVWHQFH RI WKH WHUP &4 WR
WXUEXOHQW IORZ FDXVHG E\ WKH SXPS LQ DQG QHDU WKH ERUHKROH








 4@WORJ&>4@WORJ%$>V    
ZKLFK KH FODLPV LV PRUH JHQHUDO WKDQ (T  +RZHYHU WR
DFKLHYHWKLVKHDVVXPHGWKDWWKHWKHRUHWLFDOGUDZGRZQ%UZW
FRXOGEH UHSUHVHQWHGE\ WKH&RRSHU-DFREDSSUR[LPDWLRQRI WKH
7KHLV VROXWLRQ IRU DQ LQILQLWH XQLIRUP DTXLIHU 6LQFH WKLV
DVVXPSWLRQLVQRWQHFHVVDU\LQ(TWKHSRVVLELOLW\H[LVWV WKDW
(T  PD\ GHVFULEH WKH GUDZGRZQV RI ERUHKROHV LQ














IUDFWXUH VXJJHVWHG WKDW RQH FDQ DFFRXQW IRU WKH QRQOLQHDU
GHIRUPDWLRQE\VSOLWWLQJ WKHQRQOLQHDU WHUP LQ-DFRE¶VHTXDWLRQ
LQWRWZRSDUWV²RQHDFFRXQWLQJIRUWKHXVXDOHIIHFWVRIWXUEXOHQFH
DQGWKHRWKHURQHIRUWKHGHIRUPDWLRQ7KHPRGHODOVRVXJJHVWHG
WKDW WKH FRQWULEXWLRQ RI QRQOLQHDU GHIRUPDWLRQ ZLOO EH QRQ




   
ZKHUHWKHQRQOLQHDUWHUPKDVEHHQUHSODFHGE\WKHRQHVXJJHVWHG
E\ +HOZHJ 7KH H[SRQHQW SH±LQ WKH WHUP (4SH ORJW
LQWURGXFHG WR DFFRXQW IRUQRQOLQHDUGHIRUPDWLRQRI WKHDTXLIHU
ZDV FKRVHQ LQ VXFK DZD\ WKDW (T UHGXFHV WR (T  IRU D
IL[HG WLPH LI WKHUH LV QR GHIRUPDWLRQ RU QR GHZDWHULQJ RI
IUDFWXUHVWKDWLVH 7KHFKRLFHZDVIXUWKHUPRWLYDWHGE\WKH
IDFW WKDW WKH PRGHO RI &ORRW DQG %RWKD LQGLFDWHG WKDW WKH
GUDZGRZQ ZLOO LQFUHDVH LI WKH GHIRUPDWLRQ WHQGV WR FORVH WKH
IUDFWXUHH!
7KH DQDO\VLV RI D ODUJH QXPEHU RI FRQVWDQW UDWH DQG VWHS
GUDZGRZQ WHVWV SHUIRUPHG RQ ERUHKROHV LQ WKH IUDFWXUHG
IRUPDWLRQVKDYHVKRZQ WKDW(T FDQQRWIXOO\DFFRXQWIRU WKH






 W4&W4%$4WV SQH  * 






H[DPSOH WKH VWHS GUDZGRZQ WHVW SHUIRUPHG RQ %RUHKROH83
VHH)LJRQWKH&DPSXV7HVW6LWH7KLVERUHKROHLQWHUVHFWVWKH
EHGGLQJSDUDOOHOIUDFWXUHRQWKHVLWHDWDGHSWKRIPEHORZWKH
VXUIDFH ZKLOH LWV UHVW ZDWHU OHYHO DW WKH WLPH RI WKH WHVW ZDV
PEHORZWKHVXUIDFH
7KHFRHIILFLHQWVGHWHUPLQHGIURPWKHILWRIVWH[SUHVVHGLQ
P4 H[SUHVVHG LQPGDQG W H[SUHVVHG LQG WR(T  DUH
OLVWHGLQ7DE7KHVHYDOXHVZHUHXVHGWRHVWLPDWHWKHGUDZGRZQ
LQ WKHERUHKROH IRUDSHULRGRI\HDUV VXFK WKDW WKHGUDZGRZQ





7DEOH 9DULRXVSDUDPHWHUV WKDWGHVFULEH WKH ILWRI(T  WR
REVHUYHGGUDZGRZQVLQ83
$ % & S Q H







WR DVVLJQ VXVWDLQDEOH \LHOGV IRU ERUHKROHV 8QIRUWXQDWHO\ WKH
GUDZGRZQ FXUYHV LQ WKHVH ERUHKROHV UHJXODUO\ GLVSOD\ D QRQ
OLQHDU EHKDYLRXU WKDW FDQQRW EH DWWULEXWHG WR WXUEXOHQW HIIHFWV LQ
WKH ERUHKROH DORQH 1HZ JHQHUDOLVHG HTXDWLRQV ZHUH WKHUHIRUH
GHULYHG LQ WKLV WR DQDO\VH VWHS GUDZGRZQ WHVW GDWD LQ WKHVH
DTXLIHUV
1RQOLQHDULWLHVLQGUDZGRZQFXUYHVVKRXOGDOZD\VEHWUHDWHG
ZLWK FDXWLRQ HVSHFLDOO\ ZKHQ XVHG WR DVVLJQ VXVWDLQDEOH \LHOGV
IRUERUHKROHV7KLV DSSOLHV LQSDUWLFXODU WR WKHH[WUDSRODWLRQRI
WKH UHVXOWV LQWR GRPDLQV QRW FRYHUHG GXULQJ WKH WHVW 7KHUHIRUH





&ORRW$+-%RWKD -) 0RGHOOLQJJURXQGZDWHU IORZ LQ DQ
HODVWLF FRQILQHG DTXLIHU 'UDIW UHSRUW WR WKH :DWHU 5HVHDUFK










































$ E V W U D F W   )RUIUDFWXUHGHWHFWLRQWKHUHDUHGLIIHUHQWWRROVDQGPHWKRGVGHYHORSHGLQSHWUROHXPH[SORUDWLRQ*HRSK\VLFDOERUHKROH
PHDVXUHPHQW PHWKRGV ZHUH LQYHVWLJDWHG DQG WKRVH VXLWDEOH IRU WKH FKDUDFWHULVDWLRQ RI IUDFWXUH SDUDPHWHUV DQG GHWHUPLQDWLRQ RI
K\GUDXOLFSURSHUWLHVLQIUDFWXUHGDTXLIHUVZHUHFKRVHQ1HZLPDJLQJWHFKQRORJLHVVXFKDVWKH)RUPDWLRQ0LFUR6FDQQHUDQG)RUPDWLRQ
0LFUR,PDJHUFDQ\LHOGGDWDWRGHWHUPLQHIUDFWXUHSRURVLW\DSHUWXUHDQGGLSRIIUDFWXUHVEXWWKHVHPHDVXUHPHQWVDQGWKHLUHYDOXDWLRQ










'XH WR WKH LQYHUVH UHODWLRQVKLSEHWZHHQUHVLVWLYLW\DQGSRURVLW\
WKH'XDO/DWHURORJ:HVWHUQ$WODVFDQEHXVHGWRFRPSXWH
WKH SRURVLW\ RI URFNV DFFRUGLQJ WR $UFKLH
V HTXDWLRQ $UFKLH
 ZKLFK FDQ EH DSSOLHG LI WKH VHGLPHQWV RU URFNV GR QRW


















5D  )   
ZKHUH ĭWRW LV WKH WRWDO SRURVLW\ 5: LV WKH IRUPDWLRQ ZDWHU







8VLQJ FKDUWV SXEOLVKHG E\ 6FKOXPEHUJHU  WKH WRWDO
SRURVLW\ LQ IUDFWXUHG PHGLD FDQ EH UHGXFHG WR WKH IUDFWXUH
SRURVLW\ĭIUDF IĭWRWP ,IDYDOXHRIPLVDYDLODEOH WKHFKDUW
FDQ EH XVHG WR HVWLPDWH WKH SRUWLRQ RI IUDFWXUH SRURVLW\ RI WKH
PHDVXUHG WRWDO SRURVLW\ )LJ 7KH JUDSKV LQ WKH FKDUW FDQ EH
DSSUR[LPDWHGZHOO E\ SRZHU IXQFWLRQV ZKLFKZHUH GHWHUPLQHG
DQG XVHG DW QXPHULFDO FDOFXODWLRQV )UDFWXUHG IRUPDWLRQV



















&&IUDF  )  
ZKHUH)IUDFLVWKHIUDFWXUHSRURVLW\PIUDFLV$UFKLHVFHPHQWDWLRQ
H[SRQHQWXVXDOO\DURXQG&//VLVWKHFRQGXFWLYLW\PHDVXUHG
E\ WKH VKDOORZ ODWHURORJ 5//V 6P&//G LV WKH FRQGXFWLYLW\






,Q IUDFWXUHG URFNV ODUJH VHSDUDWLRQV DUH REVHUYHG EHWZHHQ
VKDOORZ DQG GHHS ODWHURORJ FXUYHV ,Q KLJKFRQWUDVW IRUPDWLRQV
WKH'XDO/DWHURORJUHVSRQVHLVFRQWUROOHGE\WKHUHVLVWLYLW\RIWKH
IRUPDWLRQEORFNV5EWKHUHVLVWLYLW\RIWKHLQYDGLQJIOXLG5PWKH
H[WHQW RI LQYDVLRQ DQG WKH IUDFWXUH RSHQLQJ :LWK D IHZ
VLPSOLI\LQJ DVVXPSWLRQV 6LEELW DQG )DLYUH  GHYHORSHG D
QXPHULFDO ILQLWHHOHPHQW PRGHO IRU WKH 'XDO /DWHURORJ
PHDVXUHPHQWLQDERUHKROHLQRUGHUWRVROYHWKHLQYHUVHSUREOHP
DQGWRGHWHUPLQHWKHIUDFWXUHDSHUWXUH)RUPRGHOLQJDUHVLVWLYLW\
FRQWUDVW RI 5E5P! ZDV DVVXPHG 7ZR FDVHV ZHUH
GLVWLQJXLVKHG KRUL]RQWDO DQG YHUWLFDO IUDFWXUHV 4XDOLWDWLYHO\
KRZHYHULWZDVHVWDEOLVKHGWKDWKRUL]RQWDOEHKDYLRULVGRPLQDQW
IRUDQJOHVXSWRZLWKWKHKRUL]RQWDODQGYHUWLFDOEHKDYLRUIRU












 H  










 H  
ZKHUHHKLVWKHIUDFWXUHDSHUWXUHRIKRUL]RQWDOIUDFWXUHVPP&E
LV WKHFRQGXFWLYLW\RI WKHQRQIUDFWXUHGKRVW URFN 6P IXUWKHU
YDULDEOHVVHHDERYH
,Q DGGLWLRQ WKH DXWKRUV KDYH GLVFRYHUHG WKDW LVRODWHG
KRUL]RQWDO IUDFWXUHV FDQ EH LGHQWLILHG E\ D VKDUS GHFUHDVH LQ
UHVLVWLYLW\ ZLWK D WRWDO ZLGWK DW WKH LQIOHFWLRQ SRLQWV RI DURXQG
PDQG'//SRVVLEO\VKRZLQJQHJDWLYHVHSDUDWLRQ
,Q WKH HTXDWLRQV   DQG  WKH YDULDEOHV&//V 5//V
DQG &//V 5//G DUHPHDVXUHG GLUHFWO\ E\'XDO /DWHURORJ &P
5P LV WDNHQ IURP WKHPXG ORJPHDVXUHG LQ WKH ERUHKROH ,Q
WKHUPDOZDWHUZHOOV WKH ERUHKROH LVPRVWO\ ILOOHG E\ZDWHU RU D
ZHDNPL[ RIZDWHU DQGPXG5: LVPHDVXUHG DV D ORJZLWK WKH
WHPSHUDWXUHRUFDOFXODWHGE\PHDQVRIDPHDVXUHGYDOXHDQGWKH
WHPSHUDWXUH ORJ 7KH IRUPDWLRQ ZDWHU UHVLVWLYLW\ PD\ EH
FDOFXODWHG IURP LWV ODERUDWRU\ WHPSHUDWXUH WR DQ\ IRUPDWLRQ
WHPSHUDWXUH DQG WKHUHIRUH IRU WKH RYHUDOO ERUHKROH E\ $USV
HPSLULFDOIRUPXOD$USV
&E WKH FRQGXFWLYLW\ RI WKH QRQIUDFWXUHG KRVW URFN LV
FDOFXODWHG IURP5EZKLFKPD\EHGLIIHUHQW IURP5W WKHRYHUDOO






,Q7DE WKH WUDQVPLVVLYLWLHV FDOFXODWHGE\ WRWDOZHOOSURGXFWLRQ
WHVWVDQG WKHIUDFWXUHSDUDPHWHUVRI WKH LQYHVWLJDWHGDTXLIHUV DUH
VXPPDUL]HG 7KH YDOXHV RI IUDFWXUH SRURVLW\ UHSUHVHQW PHDQ
YDOXHVDIWHU$UFKLHDQG%R\HOGLHXDQG:LQFKHVWHUFKDUDFWHUL]LQJ
WKH DTXLIHU VHFWLRQV LQ WKH ZHOOV ,Q WKH FDVH RI IUHVK ZDWHU
DTXLIHUVWKHUDWLRRIFRQGXFWLYLWLHVIDOOVRXWRIUDQJHRIWKHJLYHQ
FULWHULRQ 7KHUHIRUH IUDFWXUH DSHUWXUHV KDG WR EH HVWLPDWHG E\
HPSLULFDO FDOLEUDWLRQRI WKHHTXDWLRQ  WRJHWSODXVLEOHYDOXHV
7R FRQWURO WKH HVWLPDWHG IUDFWXUH RSHQLQJV WKH PRVW FRPPRQ
PRGHO IRU IORZ LQD VLQJOH IUDFWXUH WKHFXELF ODZ LQZKLFK WKH





:HOO 5RFNW\SH PD[5E5P 7PV ĭIUDF Kİ PPE\HT GIUDFP EPPE\FXELFODZ
/lQJHQIHOG7K FULVWDOOLQH       
*DEHOKRIHQ7K FDUERQDWH       
%DG6FK|QDX,9 FULVWDOOLQH       
*OHLFKHQEHUJ7K YROFDQLF       

7KH GLIIHUHQFHV LQ WKH IUDFWXUH DSHUWXUHV ZKLFK DPRXQW WR
DERXWWZRRUGHUVRIPDJQLWXGHFDQEHH[SODLQHGDVIROORZV7KH
FDOFXODWLRQ E\ WKH SDUDOOHO SODWH PRGHO UHVXOWV LQ DQ HIIHFWLYH
K\GUDXOLF DSHUWXUH ZKHUHE\ D FRQVWDQW GLVWDQFH EHWZHHQ WKH
IUDFWXUHV DQG SDUDOOHO DQG VPRRWK IUDFWXUH VXUIDFHV LV DVVXPHG
7KH IORZ FRQGLWLRQV LQ WKH IUDFWXUHV DUH ODPLQDU 7KH ILHOG RI
YDOLGLW\ RI WKH SDUDOOHO SODWH PRGHO LV OLPLWHG IRU IUDFWXUHV LQ
ZKLFK IUDFWXUH URXJKQHVV LV VPDOO LQ FRPSDULVRQ WR WKH PHDQ
DSHUWXUH7KHK\GUDXOLFVRIIUDFWXUHVZHDWKHUHGE\FKHPLFDODQG
K\GURWKHUPDO SURFHVVHV RU ILOOHG E\ PLQHUDOV FDQ QRW EH
UHSURGXFHGE\FRQYHQWLRQDOSDUDOOHOSODWHPRGHOV7KHURXJKQHVV
RI WKH IUDFWXUH VXUIDFH DQG WKH UDWLR RI WKH FRQWDFW DUHD RI
DVSHULWLHVWRWKHWRWDOIUDFWXUHDUHDZHUHXQNQRZQDQGWKLVLVZK\
WKH\FRXOGQRWEHWDNHQLQWRDFFRXQW
)XUWKHUPRUH WKH DSSOLFDELOLW\ RI HTXDWLRQ  UHTXLUHV D
UHVLVWLYLW\ FRQWUDVW RI 5E5P! 7KH UHVLVWLYLW\ FRQWUDVW








)RU WKH ILUVW HVWLPDWLRQRI IUDFWXUHSRURVLW\ FDOFXODWHG IRUZDWHU
EHDULQJKRUL]RQVWKHFHPHQWDWLRQH[SRQHQWRILQHTXDWLRQ
\LHOGVYDOXHVLQDSODXVLEOHILHOG%XWWKHLQYHVWLJDWLRQVVKRZWKDW
WKH H[SRQHQW FDQ UDQJH IURP  WR  DW VLPLODU URFNV DQG
IUDFWXUHV\VWHPV7KHH[SRQHQWFDQEHDGMXVWHGE\FRUHVDPSOHV




DQG  IRU K\GURFDUERQ GLIIHU IURP WKRVH IRU ZDWHU EHDULQJ
KRUL]RQV$UHVLVWLYLW\FRQWUDVW5E5P!EHWZHHQPXGDQGXQ
IUDFWXUHGKRVW URFNPXVWDOVREHJLYHQ7KLV LVZK\ WKH IUDFWXUH
DSHUWXUHV HVSHFLDOO\ RI KRUL]RQWDO IUDFWXUHV LQ ORZ UHVLVWLYLW\
URFNV DUH FDOFXODWHG WRR KLJK+RZHYHU WKH GHWHUPLQLQJ IDFWRU
IRU WKH FDOFXODWLRQ LV WKH UHVLVWLYLW\ FRQWUDVW %\ PHDQV RI
ODERUDWRU\ PHDVXUHPHQW RQ FRUHV HPSLULFDO DGMXVWPHQW RI WKH
HTXDWLRQVVHHPVWREHSRVVLEOHE\PRGLILFDWLRQRIWKHFRQVWDQWV
+RZHYHU WKLV UHTXLUHV IXUWKHU LQYHVWLJDWLRQV E\ QXPHULFDO
PRGHOLQJ
6LQFH WKH FRQVWDQWV LQ HTXDWLRQV QHHG WR EH DGMXVWHG VR
GUDVWLFDOO\ WR PDWFK WKH GDWD WKH TXHVWLRQ DULVHV +RZ FDQ WKH
WHFKQLTXH KDYH D SUHGLFWLYH YDOXH" )XUWKHU LQYHVWLJDWLRQV LQWR
KLJK UHVLVWLYLW\ IRUPDWLRQV ZLOO EH UHTXLUHG WR WHVW WKH





$UFKLH *  7KH HOHFWULFDO UHVLVWLYLW\ ORJ DV DQ DLG LQ
GHWHUPLQLQJ VRPH UHVHUYRLU FKDUDFWHULVWLFV 7UDQV $,0(

$USV --  7KH HIIHFW RI WHPSHUDWXUH RQ WKH HOHFWULFDO
UHVLVWLYLW\ RI VRGLXP FKORULGH VROXWLRQV -RXUQ 3HWURO 7HFKQRO
7HFKQ1RWH




WKH (YDOXDWLRQ RI WKH )UDFWXUH 3RURVLW\ LQ +DUG &DUERQDWH
)RUPDWLRQV2IIVKRUH6RXWK(DVW$VLD&RQIHUHQFH6LQJDSRUH
-RKQ +  %DVLFV RI 2LO DQG *DV /RJ $QDO\VLV .DQVDV
*HRORJLFDO6XUYH\'RYHWRQ
6FKOXPEHUJHU  /RJ ,QWHUSUHWDWLRQ &KDUWV 6FKOXPEHUJHU
:LUHOLQH	7HVWLQJ6036XJDU/DQG7H[DV
6LEELW $0 )DLYUH 2  7KH 'XDO /DWHURORJ 5HVSRQVH LQ
)UDFWXUHG 5RFNV 7UDQV SDSHU 7 63:/$ WK $QQXDO
/RJJLQJ6\PSRVLXP
















$ E V W U D F W   'XHWRWKHFRPSOH[LQWHUDFWLRQRIQXPHURXVFRHIILFLHQWVWKHUHOLDEOHSUHGLFWLRQRIK\GUDXOLFFLUFXPVWDQFHVDQGPDVV
WUDQVSRUWZLWKLQ IUDFWXUHG SRURXVPHGLD SURYHV WR EH FRPSOLFDWHG%HVLGHV WKH VLJQLILFDQW VFDOHGHSHQGHQFH RI IORZ DQG WUDQVSRUW
SDUDPHWHUV SULPDULO\ WKH FRPELQDWLRQ RI VWUXFWXUH JHRORJLFDO DTXLIHU LQIRUPDWLRQ DQG HPSLULFDOO\ GHWHUPLQHG SURFHVVEDVHG
LQIRUPDWLRQUHSUHVHQWVDIXQGDPHQWDODVSHFWIRUDTXLIHUFKDUDFWHULVDWLRQ
%\ GLQW RI WKH DTXLIHU DQDORJXH DSSURDFK D GHVFULSWLRQ RI K\GUDXOLF FLUFXPVWDQFHV DQGPDVV EURDGHQLQJ ZLWKLQ SRURXV IUDFWXUHG
DTXLIHUV EHFRPHV SRVVLEOH DW FHUWDLQ UDQJHV RI VFDOH$ VSDWLDO OLPLWHG UHSUHVHQWDWLYH DUHD RI WKH QDWXUDO DTXLIHU LV H[FDYDWHG DQG









)ORZ DQG WUDQVSRUW SURFHVVHV LQ IUDFWXUHG SRURXV DTXLIHUV DUH
LQIOXHQFHGQRW RQO\E\ WKH IUDFWXUHVRULHQWDWLRQ DQGSURSHUWLHV
EXW DOVR E\ ERWK GLIIXVLYH DQG VRUSWLYH LQWHUDFWLRQV EHWZHHQ
MRLQWVDQGPDWUL[DQGLQVLGHWKHPDWUL[7UDFHUH[SHULPHQWVLQD
VHDOHG QDWXUDO V\VWHP ZLWK VWDWLVWLFDOO\ DQDO\VHG IUDFWXUH
GLVWULEXWLRQ DQG ODEH[DPLQHG PDWUL[ FKDUDFWHULVWLFV PDNH D
GLUHFW PHDVXUHPHQW RI IUDFWXUH DQG PDWUL[FDXVHG LQIOXHQFHV
RQWUDQVSRUWSURFHVVHVSRVVLEOH,WLVRQHRIWKHPRVWVLJQLILFDQW
SUREOHPVWRWUDQVIHUGHWHUPLQHGWUDQVSRUWDWLRQSDUDPHWHUVIURP
ODE WR ILHOGVFDOH 7KLV XSVFDOLQJSUREOHP VKHOO EH VROYHG E\





VWRFKDVWLF 'PRGHO RI WKH WHVW VLWH 7KXV IORZ DQG WUDQVSRUW
SDUDPHWHUV PHDVXUHG LQ +H DQG 6) JDV WUDFHU WHVWV FDQ EH
ZRUNHGXSE\ERWKDQDO\WLFDODQGQXPHULFDOPRGHOV
&KRRVLQJ D V\PPHWULF VHWXS RI WUDFHU LQMHFWLRQ DQG
GHWHFWLRQ ERULQJV LQ WKH FHQWUDO DUHD RI WKH WHVW VLWH KHOSV WR
PLQLPLVH LQDFFXUDFLHV FDXVHG E\ WKH ERXOGHU HGJHV 7KH
GHYHORSPHQW RI SUHVVXUH DQG WUDFHU FRQFHQWUDWLRQ GXULQJ WKH




LVSRVVLEOH WR FDUU\RXW DTXDWLF WUDFHU WHVWV LQ VDWXUDWHGSRURXV
IUDFWXUHG PHGLD DQDORJXHV WR WKH JDV WUDFHU WHVWV %\ WKLV WKH






7ZR FULWHULD KDG WR EH PHW ZKLOH VHDUFKLQJ IRU D VXLWDEOH




,QIUDVWUXFWXUDO FRQVLGHUDWLRQV KDG WR EH NHSW LQ PLQG WRR
&RQFHUQLQJ WKH SURYLGHG H[FDYDWLRQ DQG WKH LQVWUXPHQWDO
H[WHQVLRQ RI WKH WHVW VLWH WKH H[LVWHQFH RI EXV EDU DQG ZDWHU
VXSSO\ LV UHFRPPHQGDEOH 'XH WR WKH LQWHQGHG FRQVWUXFWLRQ
ZRUNVDOVRD VXIILFLHQW DFFHVV URDG VKRXOGEH VHWXS7KXV WKH





GHQVHO\ IUDFWXUHG VR FDOOHG ³6WXEHQ´VDQGVWRQH RI8SSHU 7ULDVVLF
DJH7KHSRURVLW\ZDVGHWHUPLQHGE\PHUFXU\SRURVLPHWU\RQFRUH
VDPSOHVWRYDU\IURPDERXWWR7KHWHVWVLWHLVURXJKO\
 P ±  P ±  P LQ VL]H ILJ ,W ZDV VHDOHG RII IURP LWV
HQYLURQPHQW E\ D FRQFUHWH FRDWLQJ FRYHULQJ ERWK KRUL]RQWDO DQG
YHUWLFDOVXUIDFHV
:KLOHIL[LQJWKHH[DFWWHVWVLWHERXQGDULHVLQIRUPDWLRQJDLQHG
RI IRUPHU TXDUU\ LQYHVWLJDWLRQ ERULQJV FRXOG EH LPSOHPHQWHG
%RULQJV LQ WKH QRUWKHDVWHUQ SDUW RI WKH TXDUU\ DUHD LQGLFDWHG D
WKLFNQHVV RI WKH WRS VDQGVWRQH OD\HU IURP  P WR  P $IWHU
IXUWKHU YHULILFDWLRQ RI WKH H[SHFWHG VDQGVWRQH WKLFNQHVV E\ IRXU











$ERXW  IUDFWXUHVKDYHEHHQ UHFRUGHGDW WKH WHVW VLWHXVLQJ WKH
VFDQOLQHPHWKRG$IWHUDVVLJQLQJIDYRXUHGRULHQWDWLRQVDPRQJWKLV
KXJH DPRXQW RI IUDFWXUHV WKRVH HOHPHQWV ZLWK LWV RULHQWDWLRQ QRW
H[FHHGLQJ D FHUWDLQ DQJOH RI VHOHFWLRQ DUH FHQWUDOLVHG WR FOXVWHUV
(YHU\ VLQJOH FOXVWHU LV UHSUHVHQWLQJ DPDLQ IUDFWXUH RULHQWDWLRQ WR
ZKLFKSURSHUWLHV DV DSHUWXUHRU IUDFWXUH OHQJWKFDQEH VWDWLVWLFDOO\









$W WHVW VLWH 3OLH]KDXVHQ DOVR DQRWKHU OHVV ODERXU LQWHQVLYH
NLQG RI IUDFWXUH UHJLVWUDWLRQ ZDV XVHG 7KH
VWHUHRSKRWRJUDPPHWULF VKRRWLQJ LV PDLQO\ ZRUNLQJ ZLWK D
VWHUHRPHWULFFDPHUDDQGDQDQDO\WLFSORWWHU,QLWLDOO\SKRWRJUDSKV
DUH WDNHQ IURP DOO RYHU WKH WHVW EORFN XVLQJ WKH VWHUHRPHWULF
FDPHUD 7KHQ IUDFWXUH OLQHV YLVLEOH LQ WKH VWHUHRSLFWXUHV DUH
DQDO\VHG E\ DQ DQDO\WLF SORWWHU ,Q3OLH]KDXVHQ DOO WRJHWKHU ILYH
ZDOOV FRXOG EH XVHG IRU VWHUHRSKRWRJUDPPHWULF IUDFWXUH
RULHQWDWLRQ HYDOXDWLRQ$PRQJ WKHVHZHUH WZR VLGHZDOOV RI WKH
UDZ WHVW EORFN DQG IRXU TXDUU\PLQLQJZDOOV SDUWO\ RUWKRJRQDO
RULHQWHG 7KH VWHUHR SLFWXUHV KDYH EHHQ DQDO\VHG E\ WKH
GHSDUWPHQWRISKRWRJUDPPHWU\DQG UHPRWH VHQVLQJDW.DUOVUXKH
8QLYHUVLW\
2ULHQWDWLRQ RI WKH GLVFRQWLQXLWLHV DUH SORWWHG DV FRQWRXUHG
DUHDSORWVRI WKHGLVFRQWLQXLW\QRUPDOV LQ WKH ORZHUKHPLVSKHUH
XVLQJ WKH FRVLQHH[SRQHQWZHLJKWLQJPHWKRG $GDP
&OXVWHUV RI SUHIHUUHGRULHQWDWLRQV DUHGHWHUPLQHGE\ LGHQWLI\LQJ
WKH SHDN GLVFRQWLQXLW\ GHQVLWLHV DQG FKRRVLQJ DQ DSSURSULDWH
VHOHFWLRQ DQJOH IRU HDFK FOXVWHU :LWWKVHU HW DO  7KH
LGHQWLILHG FOXVWHUV DUH DVVXPHG WR VDWLVI\ D )LVKHU GLVWULEXWLRQ
(YHU\ FOXVWHU FDQ EH DVVRFLDWHG ZLWK VWDWLVWLFDOO\ HYDOXDWHG









,Q RUGHU WR DFKLHYH LQIRUPDWLRQ DERXW IORZ DQG WUDQVSRUW





DQDO\WLFDO VROXWLRQV RI WKH GLIIHUHQWLDO HTXDWLRQV GHVFULELQJ WKH
WUDQVSRUWSURFHVV
)RUH[HFXWLQJWKHH[SHULPHQWVVRPHGULOOLQJVDUHPDGHDWWKH
WHVW EORFN ZKLFK FDQ EH XVHG DV SRLQWV RI LQMHFWLRQ UHVS
H[WUDFWLRQ%\GHWUDFWLQJDFRQVWDQWVWUHDPRIDLUDWRQHRIWKHVH




SRURXV ILVVXUHG DTXLIHU DIWHU D VSHFLILF SHULRG RI WLPH &HUWDLQ
UDQJHVRIGHSWKZLWKLQWKHERULQJVFDQEHWHVWHGVHSDUDWHO\ZKHQ
XVLQJDSDFNHUV\VWHP
,Q 3OLH]KDXVHQ KHOLXP DQG VXOIXU KH[D IOXRULGH DUH XVHG DV
WUDFHU JDVHV ,PSXOVHV RI WKHVH JDVHV DUH SUHVVXUHOHVV LQMHFWHG
LQWR WKH LQMHFWLRQ ERULQJ ZKLOH UHFRUGLQJ WKH WLPHGHSHQGLQJ
FKDQJHRIFRQFHQWUDWLRQZLWKLQWKHDLUWDNHQRXWRIWKHH[WUDFWLRQ
ERULQJ,QWKDWZD\UHFRUGHGWUDFHUEUDNHWKURXJKFXUYHVFDQWKHQ
EHDGDSWHGE\ WKHJHQHUDO WUDQVSRUWHTXDWLRQ /HYHUHWDO
DQG 7DQJ HW DO  IRU WZRGLPHQVLRQDO WUDQVSRUW RI ZDWHU
VROOXWHG PDWHULDO LQ D VLQJOH IUDFWXUH FDXVHG E\ D UDGLDO
FRQYHUJHQW IORZ ILHOG 7KLV HTXDWLRQ FDQ EH VROYHG XVLQJ WKH
DGYHFWLRQGLVSHUVLRQPRGHO $'0 /HQGD DQG=XEHU  RU
WKH VLQJOHILVVXUHGLVSHUVLRQPRGHO 6)'0 0DORV]HZVNL DQG
=XEHU
%\ DQ LWHUDWLYH DGDSWLRQ RI WKHVH HTXDWLRQV WR WKH
H[SHULPHQWDO HYDOXDWHG WUDFHU EUDNHWKURXJKFXUYHV %7&V
WUDQVSRUW LQ D QDWXUDO DTXLIHU V\VWHP FDQ EH GHVFULEHG
DSSUR[LPDWHO\ XVLQJ WKH ILWSDUDPHWHUV SHFOHW QXPEHU3HPHDQ
WUDQVLWWLPHWDQGGLIIXVLRQSDUDPHWHUD7KHEHVWDGDSWLRQWRWKH
WUDFHU EUDNH WKURXJK PHDVXUHG DW WKH WHVW EORFN E\ 7KULQJHU
 FDQEHDFKLHYHGE\D FRPELQDWLRQRI$'0DQG6)'0










7KLV FRPSRVLWLRQ FODULILHV WKH PDLQ GLIIHUHQFHV EHWZHHQ
$'0 DQG 6)'0 $V WKH $'0 GHVFULEHV WUDQVSRUW RQO\ E\
DGYHFWLYH DQG GLVSHUVLYH SURFHVVHV WKH6)'0DOVR LPSOHPHQWV













$QDO\VH D[LDOHU '5LFKWXQJVGDWHQ XQG LKUHU
%HOHJXQJVGLFKWH *|WWLQJHU $UEHLWHQ ]XU *HRORJLH XQG
3DOlRQWRORJLHSS
/HQGD =XEHU  7UDFHU GLVSHUVLRQ LQ JURXQGZDWHU
H[SHULPHQWV ,VRWRSH WHFKQLTXHV LQ JURXQGZDWHU K\GURORJ\
9RO,,,$($60±
/HYHU HW DO  7KH HIIHFW RI GHDGHQG SRURVLW\ RQ URFN
PDWUL[GLIIXVLRQ-+\GURO
0DORV]HZVNL =XEHU  0DWKHPDWLFDO 0RGHOLQJ RI 7UDFHU
%HKDYLRULQ6KRUW7HUP([SHULPHQWVLQ)LVVXUHG5RFNV:DWHU
5HVRXU5HV±
7KULQJHU &K  8QWHUVXFKXQJHQ ]XP *DVWUDQVSRUW LP
XQJHVlWWLJWHQ JHNOIWHWSRU|VHQ )HVWJHVWHLQ 'LVV 8QLY
.DUOVUXKH.DUOVUXKHRQOLQHDYDLODEOHSS
:LWWKVHU.+LPPHOVEDFK7K (UKHEXQJVPHWKRGHQ YRQ
.OXIWSDUDPHWHUQ IU HLQH VWRFKDVWLVFKH .OXIWQHW]JHQHULHUXQJ
*UXQGZDVVHU±

FOXVWHU GLSGLUHFWLRQ GLS VSKHULFDODSHUWXUH
   
   
   
  W>PLQ@ 3H D/>P@ D
$'0    +H
6)'0    
$'0    6)















$ E V W U D F W   ,Q D VWXG\ DW WKH 'HSDUWPHQW RI (QJLQHHULQJ *HRORJ\ DQG +\GURJHRORJ\ D *,6VXSSRUWHG PHWKRG EDVHG RQ
K\GURJHRORJLFDOSDUDPHWHUVIRUWKHHYDOXDWLRQRIJURXQGZDWHU\LHOGFDOOHG+<3$KDVEHHQGHYHORSHG7KHPHWKRGLVDSSOLHGLQWKH
FRQWH[W RI WKH HODERUDWLRQ RI JURXQGZDWHU YXOQHUDELOLW\ PDSV VFDOHG  IRU WKH 0LQLVWU\ RI (QYLURQPHQW RI 1RUWK 5KLQH
:HVWSKDOLD :LPPHU HW DO  :LPPHU HW DO  7KH PDLQ SDUDPHWHU XVHG E\ WKH +<3$ PHWKRG LV UHSUHVHQWHG E\ WKH
SHUPHDELOLW\ RI KDUGURFNV 7KLV LQIRUPDWLRQ LV DYDLODEOH IRU WKH ZKROH ZRUNLQJ DUHD RI WKH 5KHQLVK VODWH PRXQWDLQV LQ IRUP RI











7R YHULI\ WKH DSSOLFDELOLW\ RI WKLV DSSURDFK IRU WKH5KHQLVK
0DVVLI WZR VWXG\ DUHDV ZLWK GLIIHULQJ K\GURJHRORJLFDO
FKDUDFWHULVWLFV KDYH EHHQ FRQVLGHUHG 7KH PHWKRG ZDV ILUVW
GHYHORSHG IRU WKH%HUJLVFK*ODGEDFK3DIIUDWK 6\QFOLQHZLWK LWV







































7KH UHVXOWV KDYH EHHQ FRPSDUHG WR WKH DVVHVVPHQW RI
JURXQGZDWHU \LHOG E\ ZDWHU EDODQFH FRQVLGHULQJ SUHFLSLWDWLRQ
HYDSRWUDQVSLUDWLRQ DQG GLVFKDUJH DOVR *,6VXSSRUWHG 7KH\
GLIIHUE\DSSUR[LPDWLYHO\IRUWKHFRQVLGHUHGFDWFKPHQWDUHDV
6HYHUDO PHWKRGV IRU HYDOXDWLQJ WKH HYDSRWUDQVSLUDWLRQ IRU WKH
VWXG\DUHD LQ WKH%HUJLVFK*ODGEDFK3DIIUDWK6\QFOLQHDLGHGE\
*,6 KDYH EHHQ DSSOLHG 3UHIHUHQFH LV JLYHQ WR WKH 0HWKRG
DFFRUGLQJ WR 5HQJHU DQG :HVVROHN  ZKLFK WDNHV LQWR
DFFRXQWODQGXVHDVZHOODVVRLOSURSHUWLHV
(PSKDVLV KDVEHHQSXWRQ WKH LQWHUSUHWDWLRQRISUHFLSLWDWLRQ
GDWDDVZHOODVGLIIHUHQWPHWKRGVRIGLVFKDUJHPHDVXUHPHQW7KH
UHVXOWV RI SUHFLSLWDWLRQPHDVXUHPHQWV GLIIHU LQ UHODWLRQZLWK WKH
H[SRVLWLRQ RI WKH ZHDWKHU VWDWLRQ (VSHFLDOO\ ZLQG LQIOXHQFH
GXULQJ VQRZIDOO OHDGV WRPLVPHDVXUHPHQWV RI XS WR RI WKH
DPRXQWRISUHFLSLWDWLRQ,QZLQGH[SRVHGSRVLWLRQWKHDPRXQWRI
SUHFLSLWDWLRQ OLHV DERXW  KLJKHU WKDQ LW LV UHFRUGHG E\ WKH
FODVVLFDOPHDVXUHPHQW
'HSHQGLQJ RQ IORZ YROXPH DQG IORZ UHJLPH GLIIHUHQW
PHWKRGVIRUGLVFKDUJHHYDOXDWLRQFDQEHUHFRPPHQGHG,QVPDOO
EHHNVZLWK WXUEXOHQW IORZUHJLPHGLVFKDUJHHYDOXDWLRQJLYHEHVW
UHVXOWV E\ PHDVXULQJ WKH GLVSODFHPHQW RI FRQFHQWUDWLRQ SHDNV
IROORZLQJ D WUDFHU LQSXW 6PDOO DPRXQWV RI VDOW 1D&O FDQ EH
XVHGDVWUDFHUVZLWKRXWWKHULVNRISROOXWLQJWKHHQYLURQPHQW7KH
UHVXOWVKDYHEHHQFRPSDUHGWRWKHGLVFKDUJHHYDOXDWLRQZLWKWKH
KHOS RI SURSRUWLRQDO GDPV DQG VKRZ DQ H[WUDRUGLQDU\ JRRG ILW
:LPPHU
7KH +\3D PHWKRG ILWV ZLWK WKH UHVXOWV REWDLQHG E\
JURXQGZDWHU \LHOG GHWHUPLQDWLRQ SURYLQJ WKDW WKH UDWH RI
JURXQGZDWHU UHFKDUJH LQ WKH 5KHQLVK 0DVVLI LV SULPDULO\
GHSHQGHQWRQK\GURJHRORJLFDOSDUDPHWHUV




%RXQGDU\ FRQGLWLRQV IRU WKH DSSOLFDELOLW\ DUH PDLQO\ WKH
H[LVWHQFH RI DPRXQWV RI SUHFLSLWDWLRQ KLJKHU WKDQ PP SHU
DQQRDVZHOODVD WKLFNQHVVRIVRIW URFNRYHUEXUGHQ WKDWVKRXOG
QRW H[FHHG P )RU WKH HYDOXDWLRQ RI JURXQGZDWHU \LHOG
HPSKDVLVKDVWREHSXWRQWKHFRUUHFWGHWHUPLQDWLRQRIWKHVL]HRI
WKHFRUUHVSRQGLQJFDWFKPHQWDUHDV(VSHFLDOO\LQNDUVWLILHGURFNV
WKLV FDQ EH D PDMRU SUREOHP VLQFH FDWFKPHQW DUHDV GR QRW
JHQHUDOO\IROORZPRUSKRORJLFDODVSHFWV
6HDOHGVXUIDFHVOLNHYLOODJHVWRZQVURDGVHWFDVFRQVHTXHQFH












7KH XVH RI WKH +\3D PHWKRG ZLWK WKH KHOS RI D JHRJUDSKLFDO
LQIRUPDWLRQV\VWHPFRQVLVWVLQVWHSV)LUVWWKHJHRORJ\LQWHUPV
RI OLWKRORJLFDOFRPSRVLWLRQRI WKHRXWFURSSLQJKDUGURFNVKDV WR
EHH[DPLQHG$IWHUGHWHUPLQDWLRQRIWKHH[DFWFDWFKPHQWDUHDWKH

















































DQG KDUG URFN FRQGXFWLYLW\ 9DOLG UDQJHV VKRZQ DV YHUWLFDO
OLQHVGHSHQGRQ LQKRPRJHQHRXV OLWKRORJLFDO VHWWLQJVDVZHOO
DVWHFWRQLFDVSHFWV

7KH FDWFKPHQW DUHD LV WKHQ FOLSSHG IURP WKH VXUURXQGLQJ
JHRPHWULHV7KLVGDWDVHWLVWKHQWXUQHGLQWRDJULGZLWKDJULGVL]H
RI  E\ P 7KH VWDWLVWLFDO DQDO\VLV RI WKLV JULG VKRZV WKH
DPRXQW RI DYHUDJH DQQXDO JURXQGZDWHU UHFKDUJH SHU JULG FHOO
ZKLFKE\PXOWLSOLFDWLRQZLWKWKHWRWDOQXPEHURIFHOOVUHSUHVHQWV
WKH DQQXDO DYHUDJH DPRXQW RI JURXQGZDWHU UHFKDUJH IRU WKH
FDWFKPHQWDUHDLQTXHVWLRQILJ
6HDOHG VXUIDFHV KDYH WR EH UHJDUGHG VHSDUDWHO\ 7KH\ RQO\
KDYH LQIOXHQFH LI WKH\ SOD\ D SRWHQWLDO UROH LQ JURXQGZDWHU
LQILOWUDWLRQ 7KHUHIRUH VHDOHG VXUIDFHV RYHUOD\LQJ IRU H[DPSOH
VKDOHVZLWKOLWWOHQDWXUDOHIIHFWVRQJURXQGZDWHUUHFKDUJHFDQEH
QHJOHFWHG 7KH ILUVW VWHS FRQVLVWV WKHQ LQ FOLSSLQJ WKH VHDOHG




RI DQQXDO JURXQGZDWHU UHFKDUJH XQGHU QDWXUDO FRQGLWLRQ LV WKHQ
FDOFXODWHGIRU WKHUHPLQGLQJJHRPHWULHV:LWK WKHNQRZOHGJHRI
WKH GHJUHH RI VHDOLQJ LW LV WKHQ HDV\ WR GHWHUPLQH WKH DYHUDJH
DQQXDOJURXQGZDWHUUHFKDUJHIRUWKHVHDUHDVDQGWDNLQJWKHPLQWR










7KHPDLQ DGYDQWDJH RI WKH QHZPHWKRG LV WKH OLWWOH QXPEHU RI
LQSXWSDUDPHWHUVDVZHOODVWKHLUJOREDODYDLODELOLW\,WLVDQHDVLO\
DSSOLFDEOH PHWKRG XVLQJ *,6 7KH SULPDU\ UHVXOW EHLQJ D JULG
GDWD VHW IXUWKHU LQIRUPDWLRQ LQ GLIIHUHQW K\GURJHRORJLFDO
TXHVWLRQV FDQ EH GHULYHG E\ FRPELQLQJ YDULRXV GDWD VHWV 7KH
PHWKRGJLYHVORQJWHUPDYHUDJHUHVXOWVWKDWILWZHOOFRPSDUHGWR
FODVVLFDOHYDOXDWLRQRIJURXQGZDWHU\LHOGDWDQDSSURSULDWHVFDOH
RI  $ IXUWKHU DGYDQWDJH LV WKDW LW LV QRW QHFHVVDU\ WR
HYDOXDWH HYDSRWUDQVSLUDWLRQ ZKLFK JHQHUDOO\ LV TXLWH FRPSOH[
GXH WR WKH ODUJH DPRXQW RI SDUDPHWHUV WR EH WDNHQ LQWR
FRQVLGHUDWLRQ DV ZHOO DV WKHLU DYDLODELOLW\ $OVR D VHSDUDWLRQ RI
GLVFKDUJH LQWR JURXQGZDWHU UHFKDUJH DQG VXUIDFH UXQRII LV QRW
QHFHVVDU\'LVDGYDQWDJHVFRQVLVW LQ WKH WLPH LQYDULDELOLW\RI WKH
UHVXOW DV ZHOO DV WKH ORFDO GLVUHJDUG RI ERXQGDU\ FRQGLWLRQ







7KH +\3DPHWKRG FDQ EH XVHG IRU HYDOXDWLQJ WKH ORQJWHUP
JURXQGZDWHU\LHOG LQ WKH5KHQLVK0DVVLI ,WFDQEHDSSOLHGDVD
PRGXOH *URXQGZDWHU \LHOG LQ WKH IUDPHZRUN RI WKH WKHPDWLF
LQIRUPDWLRQ V\VWHP *URXQGZDWHU RI WKH 0LQLVWU\ RI
(QYLURQPHQW RI1RUWK5KLQH:HVWSKDOLD ,W DOORZV DQ HIIHFWLYH
TXDQWLWDWLYH VWDWHPHQW DERXW WKH SRWHQWLDO RI WKH UHVRXUFH









LQ $EKlQJLJNHLW YRQ %RGHQQXW]XQJ XQG %RGHQHLJHQVFKDIWHQ
'9:.0HUNEOlWWHU ]XU :DVVHUZLUWVFKDIW (UPLWWOXQJ GHU
9HUGXQVWXQJ YRQ /DQG XQG :DVVHUIOlFKHQ 0HUNEO ]
:DVVHUZLUWVFK
:LPPHU *  (UPLWWOXQJ GHV *UXQGZDVVHUGDUJHERWHV LQ
.DUVW XQG .OXIWDTXLIHUHQ GHV 5KHLQLVFKHQ 6FKLHIHUJHELUJHV
PLW+LOIH*HRJUDILVFKHU ,QIRUPDWLRQVV\VWHPH LQ DXVJHZlKOWHQ
(LQ]XJVJHELHWHQ LP 5DXP %HUJLVFK *ODGEDFK XQG
.URQHQEXUJ(LIHO 0LWWHLOXQJHQ ,QJX +\GURJHRORJLH 

:LPPHU * /HSSLJ % +VHQHU ' 6FKHWHOLJ .  'DV
+\GURORJLVFKH.DUWHQZHUN1RUGUKHLQ:HVWIDOHQDXIGHP:HJ
]XP )DFKLQIRUPDWLRQVV\VWHP *UXQGZDVVHU ,Q 6WUREO-
%ODVFKNH 7 *ULHVHEQHU * HGV $QJHZDQGWH *HRJUDSKLVFKH
,QIRUPDWLRQVYHUDUEHLWXQJ±%HLWUlJH ]XP $*,76\PSRVLXP
6DO]EXUJ;,,,
:LPPHU * /HSSLJ % 'LHW] 7K  'LH
*UXQGZDVVHUJHIlKUGXQJVNDUWH EHU /RFNHU XQG
)HVWJHVWHLQVDTXLIHUHQ±(UIDKUXQJHQ EHL GHU 8PVHW]XQJ GHV








• Impacts of urbanisation and industrialisation 
• Quantitative and qualitative groundwater protection 
• Effect of underground constructions on groundwater: deep disposal sites, tunneling,
















&OXVWHUV RI LQGXVWULDO SODQWV RIWHQ JHQHUDWH FRQWDPLQDQW SOXPHVZLWK VHYHUDO SRWHQWLDO VRXUFHV 3UHYHQWLRQ RI IXUWKHU SROOXWLRQ DQG
GHVLJQRIVXLWDEOHUHPHGLDOPHDVXUHVUHTXLUHWKHLGHQWLILFDWLRQRIWKHFRQWULEXWLQJVRXUFHDPRQJDOOSRWHQWLDORQHVDQGWKHVRUWLQJRI
FXUUHQWO\DFWLYHVRXUFHVIURPKLVWRULFDORQHV,QWKHVWXG\DUHDDQLQGXVWULDOFRPSOH[LQWKH1HJHYGHVHUW,VUDHOFRQWDPLQDQWVFRXOG






































FRQVWUXFWHG E\ WKH 0HWURSROLWDQ :DWHU 'LVWULFW RI 6RXWKHUQ
&DOLIRUQLD 0:' XQGHU 86'$ )RUHVW 6HUYLFH ODQG LQ WKH
VRXWKZHVW 6DQ %HUQDUGLQR 0RXQWDLQV &DOLIRUQLD 86$ $IWHU
WXQQHOLQJ DSSUR[LPDWHO\ WZR NLORPHWHUV ZDWHU LQIORZV LQWR WKH
WXQQHORFFXUUHGDWUDWHVXSWRPVDQGDYHUDJHGPV
RYHU  GD\V :DWHU OHYHOV LQ QHDUE\ PRQLWRULQJ ZHOOV ZHUH
ORZHUHGE\DVPXFKDVPDQGGLVFKDUJHUDWHVIURPVSULQJVRQ
SULYDWH DQG IHGHUDO ORFDWLRQVZHUH UHGXFHG ,VVXHV LGHQWLILHG E\
VWDNHKROGHUVLQWKHDUHDZHUH
 ZKDWLVWKHVSDWLDOH[WHQWRIWKHORVWZDWHUUHVRXUFHDQG
 ZKDW LV WKH UHFRYHU\ WLPH WR RULJLQDO FRQGLWLRQV DIWHU WKH
WXQQHOZDVOLQHG
&RQFHSWXDO DQG QXPHULFDO PRGHOV ZHUH GHYHORSHG E\ WKH 86
*HRORJLFDO6XUYH\WRUHVROYHTXHVWLRQVDQGLVVXHV7KLVSURJUHVV
UHSRUW GHVFULEHV WKH SURFHVV RI DQDO\]LQJ WKH HIIHFWV RI JURXQG
ZDWHULQIORZLQWRWKHFRQVWUXFWHGWXQQHO
5RFN W\SHV RI WKH 6DQ %HUQDUGLQR 0RXQWDLQV FRQVLVW RI
SUHGRPLQDWHO\PHWDPRUSKLFDQGLJQHRXVURFNV7KH6DQ$QGUHDV
)DXOWERUGHUVWKHVRXWKZHVWHGJHRIWKHDUHDDQGLQIOXHQFHVERWK
ORFDO DQG UHJLRQDO VWUXFWXUDO FKDUDFWHULVWLFV 6XEVXUIDFH ZDWHU







FRQFHSWXDOPRGHOZDVGHYHORSHG7KH IORZV\VWHP LV W\SLFDORI
PRXQWDLQ DQGYDOOH\ IORRU WHUUDLQ7KDW LVPRVW RI WKH UHFKDUJH
RFFXUVLQKLJKHOHYDWLRQVSHQHWUDWHVGHHSLQWRWKHURFNPDVVDQG
GLVFKDUJHV WR VWUHDP GUDLQDJHV DW WKH YDOOH\ IORRU 7KH 6DQ
$QGUHDV )DXOW KHOSV GHIOHFW GHHS JURXQG ZDWHU WR VXUIDFH
GUDLQDJHV DOWKRXJK WKHUH LV VRPH GLVFKDUJH WKURXJK WKH IDXOW
6RPHUHFKDUJHRFFXUVLQWKHDUHDEHWZHHQWKHKLJKHOHYDWLRQVLWH
DQGWKHYDOOH\IORRU7KHDUHDLVVWHHSZLWKYDULHGUHOLHIDQG WKH
UHFKDUJH LV VKDOORZ WUDYHOV VKRUW GLVWDQFHV DQG GLVFKDUJHV DV
VSULQJV
0HDVXUHG LQIORZ LQWR WKH WXQQHO VKRZV WKDW WKH IORZFRPHV
IURP VHYHUDO GLVFUHWH ]RQHV 7KH XVH RI D GLVFUHWH IUDFWXUH
QHWZRUN QXPHULFDO PRGHO WR HYDOXDWH WKH IORZ V\VWHP LV
FRQVLVWHQWZLWKWKLVREVHUYDWLRQ
7KH PRGHO IUDPHZRUN ZDV GHYHORSHG DQG HYDOXDWHG XVLQJ
)UDF0DQ D GLVFUHWH IUDFWXUH QHWZRUN QXPHULFDO FRGH 0DSSHG
OLQHDPHQWVDQGIDXOWVZHUHXVHGWREXLOGWKHJHRORJLFIUDPHZRUN
7KH IUDPHZRUN SDUW RI WKHPRGHO FRYHUHG DERXW  [ P
DQGPGHHS/LQHDPHQWVZHUHPDSSHGIURPWKUHHVRXUFHV
FRORUHGLQIUDUHGDHULDOSKRWRVDWVFDOHDVLQJOHFRORUHG
SKRWRJUDSK RI WKH $UURZKHDG (DVW WXQQHO DOLJQPHQW DUHD DW
 VFDOH DQG VHYHUDO'LJLWDO (OHYDWLRQ0RGHOPDSVZLWK
YDULRXV YLHZV DQG VFDOHV )DXOW RULHQWDWLRQVZHUH WDNHQ GLUHFWO\
IURP 0:'¶V JHRORJLF PDS RI WKH DUHD /LQHDPHQWV ZHUH
HYDOXDWHG LQ WHUPV RI WKHLU VSDWLDO OHQJWK DQG RULHQWDWLRQ
GLVWULEXWLRQVDQGLQWHQVLW\




OHQJWK 7KH DQDO\VLV LQGLFDWHG WKDW WKH PLQLPXP VL]H ZDV 
PHWHUVDQGWKHPD[LPXPOHQJWKZDVPHWHUV
/HQJWK GLVWULEXWLRQ IRU PDSSHG IDXOWV ZDV FDOFXODWHG E\
PHDVXULQJWKHWUDFHOHQJWKRIHDFKIDXOWRQDJHRORJLFPDS7KH





UHVXOWLQJ OLQH LV WKH VDPH OHQJWK DV WKHPDSSHG IDXOW WUDFH7KH
PDSSHG RULHQWDWLRQ DQG FHQWHU SRLQW ORFDWLRQ RI HDFK IDXOW ZDV
SXWGLUHFWO\LQWRWKHPRGHO
/LQHDPHQWLQWHQVLW\ZDVGHWHUPLQHGIURPWKHOLQHDPHQWPDS
IRUYDULRXV VL]HDUHDVDQGVFDOHV ,QWHQVLW\ZDVH[SUHVVHGDV WKH
QXPEHURIOLQHDPHQWVSHUVTXDUHPHWHUPDQGWRWDOOLQHDPHQW
OHQJWKSHUVTXDUHPHWHUPP0HDQDQGVWDQGDUGGHYLDWLRQIRU
WKH QXPEHU SHU VTXDUHPHWHU ZDV ( P DQG (
P UHVSHFWLYHO\DQG WKHVLPXODWHGPHDQYDOXHZDV(
0HDQDQGVWDQGDUGGHYLDWLRQIRUWKHOHQJWKSHUVTXDUHPHWHUZDV
( DQG ( UHVSHFWLYHO\ DQG WKH VLPXODWHG PHDQ
YDOXHZDV (%HFDXVH WKH LQWHQVLW\ZDV VLPLODU IRU HDFK
DUHD VDPSOHG WKHUH LV FRQILGHQFH WKH OLQHDPHQWV IRUPHG IURPD







FRXSOHG WR)UDF0DQ%RXQGDU\ FRQGLWLRQV LQFOXGH WZR UHFKDUJH
VLWHV VL[ VWUHDPGLVFKDUJH ORFDWLRQV WKH FRQVWUXFWHG SDUW RI WKH
$UURZKHDG (DVW WXQQHO DQG IRXU ERUHKROHV 7KH QRUWKHUQ
UHFKDUJHVLWHFRYHUV[PZLWKDVLPXODWHGFRQVWDQWUDWHRI
 PV HLJKW SHUFHQW RI SUHFLSLWDWLRQ DQG WKH VRXWKHUQ
UHFKDUJH DUHD KDG D FRQVWDQW UDWH RI PV IRXU SHUFHQW RI
SUHFLSLWDWLRQ




%HFDXVH WKH PRGHO SURFHVV LV VWRFKDVWLF HDFK VLPXODWHG
OLQHDPHQWZDVDVVLJQHGDYDOXHIURPDWUDQVPLVVLYLW\GLVWULEXWLRQ
7KHGLVWULEXWLRQZDVORJQRUPDOZLWKDPHDQRI(PVDQG
D VWDQGDUG GHYLDWLRQ RI ( PV 7UDQVPLVVLYLW\ YDOXHV








 6WUHDP GLVFKDUJH   SLH]RPHWHUV LQVWDOOHG LQ WKH WXQQHO
DQG  +HDGV LQ ERUHKROHV 6LPXODWHG IORZ UDWHV DW VWUHDP
GLVFKDUJHSRLQWVZHUHZLWKLQRQHSHUFHQWRIPHDVXUHG6LPXODWHG
SUHVVXUHVRIWKHWXQQHOSLH]RPHWHUVLQVWDOOHGDIWHUWKHWXQQHOZDV
OLQHG ZHUH ZLWKLQ RQH WR ILYH SHUFHQW RI PHDVXUHG 6LPXODWHG
KHDGVLQERUHKROHVZHUHZLWKLQRQHWRWZRSHUFHQWRIPHDVXUHG
7KH PRGHO DOVR FDOLEUDWHG WR SRVW WXQQHO FRQVWUXFWLRQ 7KH
VLPXODWHG UDWH RI LQIORZ LQWR WKH WXQQHO XQGHU VWHDG\ VWDWH




7UDQVLHQW 7KH VWHDG\ VWDWH PRGHO ZDV XVHG WR LQLWLDWH
WUDQVLHQW VLPXODWLRQV 7KH WUDQVLHQW SDUW RI WKHPRGHOZDV IURP





6LPXODWHG UDWHVRI LQIORZLQWR WKH WXQQHOZLWK WLPHZHUHVLPLODU
ZLWKWKHPHDVXUHG7KHQH[WVWHSLVWRFORVHWKHWXQQHOWRLQIORZ






:HKDYH FRQVWUXFWHG DJHRORJLF IUDPHZRUN DQG IORZQXPHULFDO
PRGHO IRU D IUDFWXUHGPHWDPRUSKLF DQG LJQHRXV DTXLIHU V\VWHP
7KH IORZ PRGHO ZDV FDOLEUDWHG WR ERUHKROH KHDGV EDVH IORZ
GLVFKDUJHLQVLWXWXQQHOSUHVVXUHDQGVWHDG\VWDWHLQIORZLQWRWKH
FRQVWUXFWHG SDUW RI D  NLORPHWHU ORQJ WXQQHO 7UDQVLHQW
VLPXODWLRQ RI DQ RSHQ WXQQHO ZLWK WLPH VKRZHG WKDW KHDGV LQ






/D 3RLQWH 35 &ODGRXVKRV 7 )ROOLQ 6  &DOFXODWLRQ RI
GLVSODFHPHQWV RQ IUDFWXUHV LQWHUVHFWLQJ FDQLVWHUV LQGXFHG E\
HDUWKTXDNHV $EHUJ %HEHUJ DQG &HEHUJ H[DPSOHV 6.%




















YDULDELOLW\ RI WKH K\GURORJLF IHDWXUHV 7KLV YDULDELOLW\PXVW EH DFFRXQWHG IRUZKHQ WU\LQJ WR LGHQWLI\ FRQVWUXFWLRQ UHODWHG LPSDFWV
&RUUHODWLRQ RI WKH UHIHUHQFH SHULRG GDWDZLWK SUHFLSLWDWLRQ DQG RWKHU SDUDPHWHUVZDV HVWDEOLVKHG WR LGHQWLI\ DQGPHDVXUH SRWHQWLDO
LPSDFWV WR K\GURORJLF IHDWXUHV1DWXUDO K\GURORJLF DQG JHRORJLF ERXQGDULHVZHUH XVHG WR VXEGLYLGH WKH SURMHFW DUHD LQWR XQLWV RI
VLPLODUFKDUDFWHULVWLFV0HDVXUHPHQWVIURPIHDWXUHVZLWKLQHDFKXQLWZHUHQRUPDOL]HGDQGDJJUHJDWHGGRGHULYHDVLQJOHUHSUHVHQWDWLYH






7KLV SDSHU GHVFULEHV DQ H[WHQVLYH SURJUDPRIPRQLWRULQJZDWHU
UHVRXUFHV IHDWXUHV GXULQJ WKH FRQVWUXFWLRQ RI WXQQHOV LQ D VHPL
DULG UHJLRQ RI WKH ZHVWHUQ8QLWHG 6WDWHV (DUO\ LQ WKH SODQQLQJ
VWDJHV RI WKH WXQQHOLQJ SURMHFW LW ZDV UHDOL]HG WKDW WKH
FRQVWUXFWLRQ DOWKRXJK WHPSRUDU\ FRXOG LPSDFW WKH ZDWHU
UHVRXUFHV RI WKLV PRXQWDLQRXV DUHD *URXQGZDWHU LV FULWLFDO LQ
VXVWDLQLQJWKHZDWHUVRXUFHVRIWKHIORUDDQGIDXQDRIWKHDUHDDV
ZHOO DV SURYLGLQJ GRPHVWLF ZHOOV 0HDVXUHV WR FRQWURO DQG
PLQLPL]H DQ\ VXFK LPSDFWV LQFOXGHG SUHH[FDYDWLRQ JURXWLQJ LQ
DGYDQFHRI WXQQHO H[FDYDWLRQ DQGDQ LPSHUPHDEOH OLQLQJ LQ WKH
ILQDOGHVLJQRIWKHWXQQHOV,QVWDOODWLRQRIWKHOLQLQJZDVSODQQHG
WR IROORZ EHKLQG WKH DGYDQFLQJ H[FDYDWHG IDFH DV FORVH DV
SUDFWLFDO WR IXUWKHU UHGXFH WKH RSSRUWXQLW\ IRU LQIORZ WR WKH
WXQQHO +RZHYHU WKH WXQQHOV DUH H[FDYDWHG LQ D FRPSOH[ RI
LQWUXVLYHV DQGPHWDPRUSKLFV 7KH RFFXUUHQFH DQGPRYHPHQW RI
JURXQGZDWHU RFFXUV SULPDULO\ ZLWKLQ IUDFWXUHV DQG WKH VWRUDJH
\LHOG LV VPDOO ,W ZDV UHFRJQL]HG WKDW HYHQ ZLWK WKH SODQQHG
FRQVWUDLQWV WR UHGXFHJURXQGZDWHU LQIORZGXULQJH[FDYDWLRQ WKH
FRQVWUXFWLRQFRXOGFDXVHPHDVXUDEOHLPSDFWRQZDWHUVRXUFHV$




VSULQJVZHOOV LQ WKHDUHDZDV LQLWLDWHGHDUO\ LQ WKHSODQQLQJRI
WKH SURMHFW &ULWLFDO UHVRXUFHV ZHUH VHOHFWHG WR EHJLQ SHULRGLF
PRQLWRULQJ DQG VLWHV IRU JURXQGZDWHU REVHUYDWLRQ ZHOOV ZHUH
VHOHFWHG0RQLWRULQJZHOOFRQVWUXFWLRQZDVDQLQWHJUDOSDUWRIWKH
WXQQHODOLJQPHQWH[SORUDWLRQ$VDUHVXOWRIWKLVHDUO\LQLWLDWLRQRI
WKH PRQLWRULQJ SURJUDP RYHU WKUHH \HDUV RI SUHFRQVWUXFWLRQ
PRQLWRULQJ ZHUH FROOHFWHG WR SURYLGH D ³EDVHOLQH´ UHIHUHQFH
SHULRG RI GDWD LOOXVWUDWLQJ \HDUO\ DQG VHDVRQDO IOXFWXDWLRQV
XQDIIHFWHG E\ FRQVWUXFWLRQ 7KRVH IOXFWXDWLRQV DUH LQ UHVSRQVH
SUHGRPLQDQWO\WRSUHFLSLWDWLRQDQGRWKHUIDFWRUVLQGHSHQGHQWRI




WKH SURMHFW DUHD LQWR K\GURORJLF XQLWV RI VLPLODU FKDUDFWHULVWLFV
DQG UHVRXUFH IHDWXUHV DUH LGHQWLILHG ZLWK DQ DSSURSULDWH XQLW
0HDVXUHPHQWV RI VXUIDFH IHDWXUHV RI HDFK XQLWZHUH QRUPDOL]HG
DQGDJJUHJDWHGGRGHULYHDVLQJOHUHSUHVHQWDWLYHIORZSDUDPHWHU
7KHFRUUHODWLRQRIWKHUHSUHVHQWDWLYHIORZWRQHDUE\SUHFLSLWDWLRQ
DQG VWUHDP IORZ UHFRUGV ZDV XVHG WR GHYHORS D PHDQV RI







IRU SUHSDUDWLRQ RI PLWLJDWLRQ SURFHGXUHV VKRXOG DQ LPSDFW
GHYHORS DQG SURWHFWLRQ RI WKH HQYLURQPHQW EH QHHGHG 7KLV
SURJUDPRIVXUYH\LQJDQGPRQLWRULQJUHVRXUFHIHDWXUHVLVRQHRI
WKH PRVW H[WHQVLYH DQG GHWDLOHG SURJUDPV HYHU GHYHORSHG IRU
FRQWUROOLQJ WKH LPSDFW RI WXQQHO FRQVWUXFWLRQ RQ D JURXQGZDWHU
UHVRXUFH
$ WKUHHWLHUHG SURFHGXUHZDV GHYHORSHG LQ RUGHU WR LGHQWLI\
FRQVWUXFWLRQ UHODWHG LPSDFWV DV TXLFNO\ DV SRVVLEOH ZKLOH
DYRLGLQJ FODVVLI\LQJ QDWXUDO IOXFWXDWLRQV DV LPSDFWV$ GHFLVLRQ
WUHH GLDJUDP RI WKLV SURFHGXUH LV SUHVHQWHG RQ )LJXUH  7KH
SULPDU\ REMHFWLYH RI WKH ILUVW WZR WLHUV RI WKH SURFHGXUH DUH
GLUHFWHG WR LGHQWLI\LQJDUHDVDQG IHDWXUHV WKDWDUHPRVW OLNHO\ WR
EH LPSDFWHG7KH SXUSRVH LV WR DOORZHIIHFWLYH FRQFHQWUDWLRQRI
PRQLWRULQJ HIIRUWV WR WKRVH DUHDV DQG LQGLYLGXDO IHDWXUHV 7KH
WKLUG WLHU LV UHYLHZ RI DOO DYDLODEOH LQIRUPDWLRQ DW LQGLYLGXDO
IHDWXUHV WR GHWHUPLQH ZKHWKHU RU QRW DQ LPSDFW KDV DFWXDOO\
RFFXUUHG
)LUVW WLHU RI GHWHFWLRQ JURXQGZDWHU OHYHO HYDOXDWLRQ ZDV
GLUHFWHG WR WKH PRQLWRULQJ ZHOOV EDVHG RQ WKH IDFW WKDW D
PHDVXUDEOH LQWHUIHUHQFHE\ WXQQHO FRQVWUXFWLRQ LVPRVW OLNHO\ WR
EHILUVWGHWHFWHGDWWKHPRQLWRULQJZHOOVDQGWKH\DUHWKHFORVHVW
LQ SUR[LPLW\ WR WXQQHO H[FDYDWLRQ )HDWXUHV IXUWKHU IURP WKH
WXQQHO RU K\GUDXOLFDOO\ VHSDUDWHG IURP WKH WXQQHO PD\ EH
LPSDFWHGODWHURUQRWDWDOO7KHILUVWWLHUUHVSRQVHIXQFWLRQVDVDQ
DOHUW WKDWDQLPSDFW LVGHYHORSLQJDQGWRGHWHUPLQHWKHSUREDEOH
DUHD WKDWPD\EH DIIHFWHG&ORVHUPRQLWRULQJFDQEHGLUHFWHG WR
WKDWDUHD
7KH VHFRQG WLHU RI GHWHFWLRQ WKH +\GURORJLF 8QLW OHYHO





LV XVHG WR LGHQWLI\ ZKHWKHU LQGLYLGXDO IHDWXUHV ZLWKLQ HDFK
K\GURORJLFXQLWDUHLPSDFWHG7KLVLVQHFHVVDU\VLQFHWKHPHWKRGV
XVHG WR FRPELQH LQGLYLGXDO IHDWXUHV LQWR FRPSRVLWH K\GURORJLF
XQLW PD\ REVFXUH DQ LPSDFW WR RQH RU WZR LQGLYLGXDO IHDWXUHV
+RZHYHU EHFDXVH WKH QDWXUDO IOXFWXDWLRQ LQ IORZ DW LQGLYLGXDO
IHDWXUHV LV PXFK JUHDWHU WKDQ WKDW RI FRPSRVLWH IORZ RI WKH
K\GURORJLF XQLW FDUHIXO PRQLWRULQJ DQG ILHOG LQVSHFWLRQ ZDV
































































































Hydrogeology of an over-exploited hard-rock area: a case study 
 
 
P. Narayana BALLUKRAYA 
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A b s t r a c t :  Hydrogeological studies in the hard-rock area of Rasipuram have shown that the average depth of borewells has 
increased from about 50m to 175m during the last twenty years. The first producing zone is encountered only around 150m at present. 
Groundwater levels have declined sharply along with borewell yields, with majority of shallow fracture aquifers having dried up. 
Groundwater balance studies have shown that the level of groundwater utilization in the area varies from 80 to 225%. The zone of 
maximum groundwater utilization is seen to be centred on a zone, which is slightly away from the present-day groundwater trough 
indicating the future direction of enlargement of the trough. The increased rate of well failures has resulted in changing crop pattern 
and reduced area under agriculture. The groundwater is very hard and is also being subjected to contamination by starch processing 






India is primarily an agrarian state and with the total area 
irrigated by groundwater accounting to as much as 40Mha. A 
large part of the country (nearly 70%) is underlain by massive 
crystalline rock formations, which are basically poor in 
groundwater resources. For a large number of populations 
however, it remains the only source of water, be it for domestic, 
irrigation or industrial use. The advent of high speed drilling 
technology suited for hard rocks has resulted in manifold increase 
in the number of borewells drilled in the last three decades 
leading to severe decline in groundwater levels as well as 
formation of over-exploited zones. The problem in such areas is 





The present study area is located around Rasipuram town in 
southern India (78° 09’ 30’’ to 78° 19’E and 11° 21’ 30’’ to 11° 
30’ 30’’N). It enjoys a tropical semi-arid climate with an average 
rainfall of about 700mm/year. The area investigated has a 
relatively plain topography but is surrounded by steep hills to the 
north, east and to some extent in the south as well. Several 
mountain streams originate in the hills and bring surface runoff to 
the plains, but most of them terminate after a few kilometres, due 
to heavy infiltration or the presence of small reservoirs. The 
drainage is southwesterly, and a large number of irrigation tanks 
dot the landscape, majority of which remain dry through the best 
part of the year. Very little surface runoff takes place from the 





The study area is part of the south India granulitic terrain. 
Charnockites and granitic gneisses are the two important country 
rocks found in the area. Some exposures of intrusive dykes, 
banded iron ore formations and quartz veins are also seen in some 
places. The thickness of weathered mantle varies from nil to as 
much as 25m and is spatially highly variable. The area is 
structurally disturbed with evidence of shearing noticed in several 
places. Several lineaments have been identified in the area, 
majority of which show north-easterly trends.  
 The area has a very large number of dug wells and borewells 
with the density of borewells often exceeding 50 per km2. The 
dug wells are generally quite deep, up to 45m. A large number of 
these dug wells are at present used only as storage tanks, to 
collect the discharge from borewells, for it to be later used for 
irrigation. This is because of the very poor discharges from 
borewells, which can not be directly let out to the fields. Over 
1100 borewells were inventoried in the area, which, however is 
only a part of those present. The actual number is likely to be 
three to four times as many. 
Figure 1. Map of study area. Closed circles indicate borewells; 
shaded portions are hills 
 
The depth of borewells varies from 55m to 305m. The 
average depth of borewells drilled in any calendar year have been 
worked out and it is seen that there is a steady increase (Fig.2). 
 
Figure 2. Trend in the Average depth of borewell. 
(Av.: average; P: present; d: at the time of drilling) 






























Even though there is a steady increase in the depth of 
borewells, the yields of these borewells is not directly related to 
their depth as seen from table 1, which gives the correlation 
coefficients between the depth of borewells drilled (only 
agricultural) in a calendar year and their yields. Such a lack of 
correlation is primarily due to the fact that the deeper wells are 
drilled consequent to the drying up of shallower fractures. It is 
also true that the yielding fractures may be encountered at 
varying depths in different borewells or that there could be very 
low-yielding wells even when they are quite deep. Encountering a 
saturated fracture at depths of more than 100m is more often a 
matter of chance than a certainty.  
 











1982 4 53 74 0.32 
1983 9 106 101 -0.11 
1984 6 115 21 0.57 
1985 11 100 63 0.37 
1986 12 108 50 -0.05 
1987 42 117 80 0.16 
1988 50 133 57 0.27 
1989 60 137 48 0.03 
1990 55 134 55 0.03 
1991 61 144 44 -0.06 
1992 49 156 46 0.19 
1993 45 144 60 0.04 
1994 35 144 47 0.27 
1995 47 133 39 0.01 
1996 35 153 44 0.14 
1997 19 159 48 0.05 





The large-scale abstraction of groundwater has resulted in a 
situation where it is mined at present. A detailed groundwater 
balance study carried out has shown that the level of groundwater 
utilization (ratio of gross abstraction to available annual 
replenishment) is about 133% for the entire area with some zones 




Figure 3. Map showing level of (%) groundwater exploitation in 





The study shows that the area is highly over-exploited and that 
the present level of groundwater abstraction is not sustainable. 
The steady decline in yields of existing borewells and the need to 
drill ever-deeper wells year after year indicates that the water-
bearing horizons at relatively deeper levels do not get replenished 
by recharge and thus become unproductive after a certain period 
of operation. It is clear that a stage will soon come when the 
threshold on depth will be reached due to technical and/or 
financial constraints and that will have far-reaching 
socioeconomic implications, not only in this area but in all 
similarly over-exploited zones. The quality of groundwater is also 
declining and it is observed that in some pockets traditional crops 
such as paddy cannot be grown any more due to high TDS and 
hardness in water. Over-exploitation of groundwater in the area 
has resulted in: 
1) reduced area under irrigated agriculture;  
2) changing cropping pattern;  
3) setting up of starch processing industries leading to 
groundwater contamination and  
























$ E V W U D F W   7KHPDLQPHWDPRUSKLFXQLWVZKLFKZLOOEHFURVVHGE\WKH%UHQQHU%DVH7XQQHOLQLWVQRUWKHUQVHFWLRQDUHGHVFULEHG
DQGK\GURJHRORJLFDOO\FKDUDFWHULVHG:LWKUHJDUGVWRWKHULVNDVVHVVPHQWRIWKHWXQQHODVDFRQVWUXFWLRQDQGWKHJURXQGZDWHUUHVRXUFHV





7KH DSS NP ORQJ %UHQQHU %DVH 5DLOZD\ 7XQQHO %%7 LV
SODQQHG WR FURVV WKH &HQWUDO $OSV DQ DSS (±: WUHQGLQJ
PRXQWDLQ FKDLQ FRQQHFWLQJ ,QQVEUXFN $XVWULD DW PVO ZLWK
)UDQ]HQVIHVWH)RUWH]]D,WDO\DWPVO:LWKWKHFRQVWUXFWLRQRI
WKLV WXQQHO WKH UDLOZD\ FRQQHFWLRQ EHWZHHQ 0XQLFK *HUPDQ\
DQG 9HURQD ,WDO\ RYHU WKH %UHQQHU 3DVV ZLOO EH RSWLPLVHG
)XUWKHU WKH WUXFN WUDIILF RQ WKH PRWRUZD\ $ VKRXOG EH
UHGXFHGGXHWRWKHFDUJREHLQJIUHLJKWHGE\UDLOZD\7KHWXQQHO
LVSODQQHGWREHILQLVKHGLQWKHQH[WGHFDGH
$V SDUW RI D QG IHDVLELOLW\ VWXG\ D K\GURJHRORJLFDO
FKDUDFWHULVDWLRQ RI WKH SURMHFW DUHD ILJ LQFOXGLQJ D ULVN
DVVHVVPHQW IRU WKH JURXQGZDWHU UHVRXUFHV DQG WKH WXQQHO
FRQVWUXFWLRQ ZDV FDUULHG RXW 7ZR \HDUV DJR D PRQLWRULQJ
SURJUDPPHZKLFKLQFOXGHVDSSPHDVXULQJSRLQWVDWVSULQJV
ULYHUV DQG FRUHG H[SORUDWLRQ ZHOOV ZDV FRPPHQFHG DQG
FRQWLQXHVWRGD\'XHWRWKHLPSRUWDQFHRIWKHVSULQJVZKLFKDUH
XVHG IRU ZDWHU VXSSO\ LQ  FRXQWLHV FRQWDLQLQJ QXPHURXV





7KH QRUWKHUQ VHFWLRQ RI WKH%%7ZLOO FURVV WKH&HQWUDO$OSV WR
WKH HDVW RI WKH %UHQQHU )DXOW ILJ 7KHUHE\ WKH ,QQVEUXFN
4XDUW]3K\OOLWH =RQH $XVWURDOSLQH DQG WKH 7DXHUQ :LQGRZ
3HQQLQLFXPDQG&HQWUDO*QHLVVZLOOEHSHQHWUDWHG%HFDXVHRI
LWV(:H[WHQVLRQIURP$XVWULDWR6ZLW]HUODQGDQGWKDWWKHPDLQ
WUDQVDOSLQH WUDIILF URXWHV WUHQG 16 WKH 7DXHUQ :LQGRZ
HVSHFLDOO\ KDV EHHQ RI PDMRU LQWHUHVW IRU WXQQHOOLQJ SURMHFWV
/RHZ
7KH &HQWUDO $OSV DUH WKH SURGXFW RI FRPSOH[ SRO\SKDVH
WHFWRQLF DQG PHWDPRUSKLF UHJLPHV )ULVFK  /DPPHUHU
 'XH WR WKH FROOLVLRQ RI WKH $IULFDQ DQG (XUDVLDQ
&RQWLQHQWVGXULQJ WKH&UHWDFHRXVDQG7HUWLDU\ WKHIRUPHU(:
WUHQGLQJ 3HQQLQLF 2FHDQ ZDV VXEGXFWHG FDXVLQJ QRUWK YHUJHQW
WKUXVWLQJ ZLWK WKH GHYHORSPHQW RI VWDFNV RI QDSSHV
PHWDPRUSKLVP DQG GXFWLOH GHIRUPDWLRQ $V SDUW RI WKH VWUHVV
FDXVHGE\WKH³6RXWKDOSLQH,QGHQWHU´5DWVFKEDFKHUHWDO
WKH RYHUWKLFNHQHG FUXVW WR WKH QRUWK KDV XQGHUJRQH XSOLIWLQJ
IROGLQJ DQG EULWWOH GHIRUPDWLRQ :LWK WKH XSOLIWLQJ (±:
H[WHQVLRQDO GHIRUPDWLRQ VWDUWHG 6HOYHUVWRQH  IRUPLQJ
ZHVWGLSSLQJ QRUPDO IDXOWV %UHQQHU )DXOW 16 WUHQGLQJ
H[WHQVLRQDO VWUXFWXUHV ZKLFK DUH YLVLEOH FORVH WR WKH %UHQQHU
)DXOW DQG1(±6:WUHQGLQJEULWWOH VWULNHDQGVOLS IDXOWV'XH WR
WKLV H[WHQVLRQ WKH 7DXHUQ:LQGRZ ZKLFK FRQWDLQV WKH GHHSHVW
WHFWRQLFXQLWV&HQWUDO*QHLVVDWLWVFHQWUHZDVIRUPHG
$VVKRZQLQWKHVLPSOLILHGJHRORJLFPDSRI WKHSURMHFWDUHD
ILJ WKH%%7ZLOOFURVV LQ LWVQRUWKHUQVHFWLRQ WKH,QQVEUXFN
4XDUW]3K\OOLWH ,43 DQG WKH 7DXHUQ :LQGRZ 7KH 7DXHUQ
:LQGRZ KDV DQ RQLRQOLNH VWUXFWXUH FRQVLVWLQJ RI QDSSHV *1
01+=LQILJRYHUO\LQJWKH&HQWUDO*QHLVV&*LQLWVFRUH
7KH ,43 LV PDGH XS RI SK\OOLWHV DQG VFKLVWV RYHUODLQ E\
JQHLVV3.LQILJDQGWRWKHHDVWRI0DWUHLE\WKH1DSSHVRIWKH
7DUQWDO =RQH 7= D KHWHURJHQHRXV VHULHV RIPHWDVHGLPHQWDU\





-XUDVVLF DJHG VFKLVWV %QGQHU 6FKLHIHU ZLWK H[RWLF EORFNV
VHUSHQWLQLWHUDXKZDFNHGRORPLWHLQLWVQRUWKHUQPRVWSDUW WKH
1RUGUDKPHQ =RQH 1= 6RPH IROGHG LQWUDWKUXVW IDXOWV
FRQWDLQLQJVXOSKDWHULFKURFNVVXEGLYLGHWKH*17RWKHQRUWKRI
WKH &HQWUDO *QHLVV &* WKH *1 GLSV PDLQO\ WR WKH QRUWK DQG
ZHVW$W WKHEDVHRI WKH*1DUH3HUPLDQ0HVR]RLF VLOLFLFODVWLF
FDUERQDWLF DQG VXOSKDWLFULFK PHWDVHGLPHQWDU\ URFNV 7KHVH
URFNV RQO\ RXWFURS RFFDVLRQDOO\ LQ WKH VWXG\ DUHD 7KH GHHSHVW
XQLWRIWKH7DXHUQ:LQGRZLVWKH&HQWUDO*QHLVV&*PDGHXS
RIPHWDPDJPDWLFURFNVZKLFKDUHLVRFOLQDOO\IROGHG7KH&*LV
FRYHUHG DQG GHOLPLWHG E\ 3HUPLDQ7ULDVVLF URFNV RI WKH


































,QQVEUXFN 4XDUW]3K\OOLWH ,43 3DWVFKHUNRIHO &U\VWDOOLQH
3. 1DSSHV RI WKH 7DUQWDO =RQH 7= ³1RUGUDKPHQ =RQH´
1= *ORFNQHU 1DSSH *1 0RGHUHFN 1DSSH 01 &HQWUDO















$ E V W U D F W   *URXQGZDWHUSURWHFWLRQ]RQHVLQIUDFWXUHGURFNDTXLIHUVZHUHGHOLQHDWHGXVLQJDK\EULGDSSURDFKZKLFKFRPELQHVWKH
XVH RI GLVFUHWH IUDFWXUH QHWZRUN ')1 PRGHOV DQG HTXLYDOHQW FRQWLQXXP PRGHOV 7KH PHWKRG XVHG NQRZQ DV WKH 6WDWLVWLFDO
&RQWLQXXP0HWKRG6&0UHOLHVRQVWDWLVWLFVRIPRYHPHQWRISDUWLFOHVLQDORFDOVFDOH')1IROORZHGE\WKHXVHRIWKRVHVWDWLVWLFVWR
PLPLFPRYHPHQWLQDFDWFKPHQWVFDOHFRQWLQXXPPRGHO%HFDXVHWKHPHWKRGLVEDVHGLQD0RQWH&DUORSURFHGXUHLWLVSRVVLEOHWR








7KH GHOLQHDWLRQ RI *URXQGZDWHU 3URWHFWLRQ =RQHV LQ IUDFWXUHG
URFN DTXLIHUV JHQHUDOO\ LQYROYHV WKHDVVXPSWLRQ WKDW WKHDTXLIHU
FDQEHWUHDWHGDVDQ(TXLYDOHQW3RURXV0HGLXP$OWKRXJKVHYHUDO
VWXGLHVKDYHSURYHGWKDWVXFKDQDVVXPSWLRQLVRIWHQQRWPHWWKH
GLIILFXOW\ LQGHDOLQJZLWK WKHGLVFRQWLQXLW\ DQGKHWHURJHQHLW\ RI
WKRVH URFNV OHDYHV IHZ DOWHUQDWLYHV 'LVFUHWH )UDFWXUH 1HWZRUN
')1 PRGHOV FDQ EH XVHG IRU ORFDO VFDOH VWXGLHV EXW RWKHU
DOWHUQDWLYHVPXVWEHVRXJKWIRUXSVFDOLQJWRFDWFKPHQWVFDOH






7KH 6WDWLVWLFDO &RQWLQXXP 0HWKRG DWWHPSWV WR PHUJH WKH
DFFXUDF\ RI GLVFUHWH PRGHOV ZKHQ UHSUHVHQWLQJ WKH SK\VLFV RI
IORZ DQG WUDQVSRUW ZLWK FRQWLQXXP PRGHOV ZKLFK KDYH IHZHU
OLPLWDWLRQVRQGRPDLQVL]HEXWZKLFKGRQRWDFFXUDWHO\UHSUHVHQW
WKHSK\VLFVRIWKHWUDQVSRUWSURFHVV
7KH PHWKRG ZDV ILUVW HQXQFLDWHG E\ 6FKZDUW] DQG 6PLWK
 DQG UHILQHG E\ 6PLWK HW DO  3DUQH\ DQG 6PLWK
DQG3DUQH\,WFRQVLVWVLQXVLQJSDUWLFOHWUDFNLQJLQ




SLHFH RI D PXFK ODUJHU FRQWLQXXP 3DUWLFOH PRWLRQ LQ WKH
FRQWLQXXPLVWKHQIRUFHGWRPLPLFWKDWLQWKHGLVFUHWHVXEGRPDLQ
7KH VWDWLVWLFV FROOHFWHG DUH WKH IUHTXHQF\ WKDW D SDUWLFOH
FKRRVHVWRPRYHLQHDFKGLUHFWLRQDQGIUHTXHQF\GLVWULEXWLRQVRI
IUDFWXUH OHQJWKV EHWZHHQ LQWHUVHFWLRQV SDWKOHQJWK VSHHG DQG
VWDQGDUGGHYLDWLRQRIVSHHGLQHDFKGLUHFWLRQ
7KH PDMRU VWUHQJWKV RI WKH 6&0 DUH /RQJ  WKDW LW
DOORZVXSVFDOLQJDWD UHJLRQDOVFDOHZLWKRXW WKHQHHGWRDFFRXQW
IRUHYHU\IUDFWXUHPDNHVQRDVVXPSWLRQDERXW)LFNLDQEHKDYLRXU
DQG SDUWLFOH WUDFNLQJ LV FRQGXFWHG LQ WKH')1GRPDLQ DQG WKHQ




,Q RUGHU WR LPSOHPHQW WKH 6&0 VR WKDW LW FDQ EH XVHG IRU
GHOLQHDWLRQ RI 3URWHFWLRQ =RQHV LW LV QHFHVVDU\ WKDW WKHPHWKRG
FDQ GHDO ZLWK FRPSOH[ IORZ VLWXDWLRQV LQYROYLQJ WKH FRPPRQ





7KLV LV DFFRPSOLVKHG XVLQJ D ')1 FRGH LQ ZKLFK SDUWLFOH
WUDFNLQJ LV FRQGXFWHG IRU VHYHUDO RULHQWDWLRQV RI WKH K\GUDXOLF
JUDGLHQW
xWKH VWDWLVWLFV PXVW FRQVLGHU HYHU\ SRVVLEOH GLUHFWLRQ RI
PRYHPHQW DORQJ WKHH[LVWLQJ IUDFWXUH VHWVERWKDFFRUGLQJDQG
RSSRVLWHWRWKHRYHUDOOK\GUDXOLFJUDGLHQWRULHQWDWLRQ
xOLQN6&0 WRD VWDQGDUGJURXQGZDWHUPRGHOOLQJSURJUDP VXFK
WKDWLWFDQUHFRJQLVHWKHJURXQGZDWHUIORZVROXWLRQDQGFRQGXFW
WKHSDUWLFOH WUDFNLQJDFFRUGLQJ WR WKH VWDWLVWLFVFROOHFWHG LQ WKH
')1 GRPDLQ $W HDFK ORFDWLRQ WKH K\GUDXOLF JUDGLHQW LV
FRPSXWHGDQG WKHGLVWULEXWLRQVRIGLUHFWLRQDQGSDWKOHQJWKDUH
XVHG WR JHQHUDWH HDFK SDUWLFOHPRYHPHQW 7KH GLVWULEXWLRQV RI
YHORFLW\DUHXVHGWRFRPSXWHWKHWUDYHOWLPHIRUHDFKPRYHPHQW
7KLVSURFHGXUHLVUHSHDWHGXQWLOWKHWRWDOWUDYHOWLPHLVUHDFKHG
xFUHDWH SUREDELOLW\ FRQWRXUV WKDW D JLYHQ FHOO LV SDUW RI WKH
3URWHFWLRQ=RQH7KLVSURFHGXUHLVGHVFULEHGIXUWKHUEHORZ
$ FRGH ZDV ZULWWHQ WR LPSOHPHQW WKLV SURFHGXUH $Q
LPSRUWDQWLVVXHZDVWRGHFLGHLI6&0VKRXOGEHDSSOLHGLQ'RU
' PRGHOOLQJ :H ZLOO EH GHDOLQJ RQO\ ZLWK ZHOOFRQQHFWHG
QHWZRUNVVR'LVDUHDVRQDEOHDSSUR[LPDWLRQ
7RWHVWWKHXVHRIWKH6&0DV\QWKHWLFFDVHVWXG\ZDVFUHDWHG
EDVHGRQ D30:,1H[DPSOH &KLDQJ DQG.LQ]HOEDFK$
FRQILQHG IUDFWXUHG DTXLIHU KDV QRUWK DQG VRXWK LPSHUPHDEOH
LUUHJXODU ERXQGDULHV ZKLOH WKH HDVW DQG ZHVW ERXQGDULHV DUH
FRQVWDQW KHDG 7KUHH ZHOOV SXPSLQJ DW FRQVWDQW UDWH FUHDWH D
FRPSOH[ IORZ SDWWHUQ 7KH DTXLIHU ZDV GLVFUHWL]HG LQWR FHOOV
ODUJHU WKDQ WKH VL]HRI WKHGLVFUHWH IUDFWXUHQHWZRUN IURPZKLFK
WKH 6&0 ZRXOG SURYLGH WKH VWDWLVWLFV $OVR WKH IUDFWXUH
FKDUDFWHULVWLFV RI WKH DTXLIHU ZHUH FRQVLGHUHG DV KRPRJHQHRXV
WKURXJKRXW WKH ZKROH GRPDLQ DFFRUGLQJ WR WDE DQG ILJ
6KRXOG IUDFWXUH FKDUDFWHULVWLFV YDU\ DFURVV WKH DTXLIHU GLIIHUHQW




)LJXUH  6DPSOH UHDOL]DWLRQ
RIWKHIUDFWXUHQHWZRUNIRUD
PuP DUHD ,Q WKH VPDOO
VTXDUH WKLFNQHVV RI WKH
IUDFWXUHV LV SURSRUWLRQDO WR
DSHUWXUH 'HQVLW\ DQG DSHUWXUH
RIVHWFDXVHDKLJKDQLVRWURS\




$ ')1 GRPDLQ ZDV XVHG WR FROOHFW WKH VWDWLVWLFV IRU VHYHUDO
RULHQWDWLRQV RI K\GUDXOLF JUDGLHQW 7KH ')1 GRPDLQ KDG D
UHFWDQJXODU DUHD RI PuPZLWK FRQVWDQW KHDGERXQGDULHV DW








11(    u
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1:    u




























































































VROXWLRQ WKH VWDWLVWLFV ZHUH XVHG WRPRGHO VROXWH WUDQVSRUW LQ D
FRQWLQXXPGRPDLQZLWKWKHVDPHERXQGDU\FRQGLWLRQV7KH')1
DQG6&0 UHVXOWVZHUH FRPSDUHG E\ SORWWLQJ WKH VW PHDQ DQG






)RU WUDYHO WLPHV XS WR DERXW  GD\V WKH DSSUR[LPDWLRQ
EHWZHHQ6&0DQG')1VROXWLRQVVHHPV WREHDFFHSWDEOH$IWHU
 GD\V WKH GLVSHUVLRQ LQ WKH\GLUHFWLRQ LQ WKH')1GRPDLQ LV
PXFKODUJHU WKDQIRU WKH6&07KLV LVGXHWRWKHIDFWWKDWDIWHU
 GD\V SDUWLFOHV VWDUW UHDFKLQJ WKH ERXQGDULHV DQG 6&0 QR
ORQJHU XVHV WKHP WR FRPSXWH WKH PRPHQWV 'LVSHUVLRQ LQ WKH
')1GRPDLQ LV DOZD\VDELW ODUJHUEHFDXVH LQ WKH')1GRPDLQ
SDUWLFOHV PXVW EH VKLIWHG WR WKH FORVHVW QRGH RI WKH IUDFWXUH




YDOXHV RI K\GUDXOLF JUDGLHQW DW HDFK SRLQW RI WKH FRQWLQXXP
GRPDLQVLQFHWKDWLVWKHRQO\SDUDPHWHUXVHGE\6&0WRPLPLF
SDUWLFOH WUDFNLQJ 7KH SURJUDP 02')/2: YLD WKH LQWHUIDFH
30:,1ZDVXVHGWRVROYHIRUWKHKHDGWKHQWKH6&0FRPSXWHV
WKHK\GUDXOLFJUDGLHQWDWHDFKORFDWLRQRIHYHU\FHOO
7R ILQG WKH IORZ VROXWLRQ WKH K\GUDXOLF FRQGXFWLYLW\ . DQG
HIIHFWLYH SRURVLW\ QH SDUDPHWHUV PXVW EH FRQVLVWHQW ZLWK WKH
FKDUDFWHULVWLFV RI WKH IUDFWXUH V\VWHP 3XPSLQJ WHVWV DQG WUDFHU WHVWV
ZHUHVLPXODWHG LQ WKH')1GRPDLQ7KHYDOXHVIRXQG.[ PG
.\ uPGDQGQH[ uQH\ u
7KH UHVXOWV RI WKH 6&0 ZHUH FRPSDUHG ZLWK WKH FDSWXUH
]RQHV GHOLQHDWHG XVLQJ DQ (TXLYDOHQW 3RURXV 0HGLXP (30





)LJXUH  &DSWXUH ]RQHV RI  ZHOOV LQ DQ DTXLIHU ZLWK DQ
µDQLVRWURSLF¶ IUDFWXUH QHWZRUN ,Q 6&0 WUDFNLQJ ZDV OLPLWHG WR




8VLQJ WKH ORFDWLRQ RI WKH VHYHUDO SDUWLFOHV WKURXJK WLPH LW LV
SRVVLEOHWRGHOLQHDWHSURWHFWLRQ]RQHVIRUDQ\LVRFKURQH6LQFHWKH
PRYHPHQWRIWKHSDUWLFOHVLVEDVHGRQGLVWULEXWLRQVRISDWKOHQJWK









GHOLQHDWHG ZLWK DQ (TXLYDOHQW 3RURXV 0HGLXP DSSURDFK DQG
WKRVHGHOLQHDWHGZLWKWKH6&0ILJERWKLQRULHQWDWLRQDQGLQ
VL]H RI WKH SURWHFWLRQ ]RQHV 6&0 GHOLQHDWHV ODUJHU SURWHFWLRQ
]RQHVGXH WR WKHFKDQQHOOLQJHIIHFW WKDWFDXVHVSDUWLFOHV WR IORZ




















XQGHUVWDQGLQJ DQG DSSOLFDWLRQV 1DWLRQDO $FDGHP\ 3UHVV
:DVKLQJWRQ'&SS
3DUQH\ 5 6PLWK /  )OXLG YHORFLW\ DQG SDWK OHQJWK LQ
IUDFWXUHGPHGLD*HRSK5HV/HWWHUV






6FKZDUW] ): 6PLWK /  $ FRQWLQXXP DSSURDFK IRU
PRGHOOLQJPDVVWUDQVSRUW LQIUDFWXUHGPHGLD:DW5HV5HV

6PLWK/&OHPR75REHUWVRQ0 1HZDSSURDFKHV WR WKH
VLPXODWLRQRIWKHILHOGVFDOHVROXWHWUDQVSRUWLQIUDFWXUHGURFNV















$ E V W U D F W   'ULQNLQJZDWHU LQFDUERQDWHDTXLIHUVDUHRIWHQFRQWDPLQDWHGE\FDWWOHJUD]LQJDQGPDQXUHVSUHDGLQJ7KHPLFURELDO
SROOXWLRQLVFKDUDFWHULVHGE\KLJKVSDWLDODQGWHPSRUDOYDULDELOLW\DVDIXQFWLRQRIWKHLQWHUDFWLRQEHWZHHQVHYHUDOIDFWRUV7KHUHVHDUFK
ZDVFDUULHGRXWLQDFDUERQDWHDTXLIHURI6RXWKHUQ,WDO\WRGHILQHDWKHLQIOXHQFHRIVHYHUDOIDFWRUVRQERWKWKHHQWLW\DQGWKHWHPSRUDO
YDULDELOLW\ RI FRQWDPLQDWLRQ DQG E WKH UHOLDELOLW\ RI IHFDO VWUHSWRFRFFL DV LQGLFDWRUV RI JURXQGZDWHU EDFWHULDO FRQWDPLQDWLRQ 7KH
PLFURELDOFRQWDPLQDWLRQRIVSULQJV¶ZDWHUVKRZHGDF\FOLFEHKDYLRXUVWULFWO\UHODWHGWRSUHFLSLWDWLRQV,WDSSHDUHGZKHQDVXUIDFH
ZDWHUVLJQLILFDQWO\DQGIDVWO\LQWHUDFWHGZLWKJURXQGZDWHUDQGZKHQEODUJHTXDQWLWLHVRIGXQJZHUHFRQFHQWUDWHGLQDUHDVFORVHWRWKH








RI 6RXWKHUQ ,WDO\ VXSSO\LQJ DQ DYHUDJH YROXPH RI 
P\&HOLFR&HOLFRHWDO%HFDXVHRIWKHH[LVWHQFH
RI NDUVW V\VWHPV IDVW LQWHUDFWLRQV EHWZHHQ VXUIDFH DQG
JURXQGZDWHUDUHRIWHQSURGXFHG7KHUHIRUHVLJQLILFDQWTXDQWLWLHV
RI FRQWDPLQDQWV FDQ EH UDSLGO\ WUDQVSRUWHG LQWR WKH VXEVXUIDFH
&HOLFRHWDO
%HFDXVHRI WKHKLJKVORSHJUDGLHQW RIWHQKLJKHU WKDQ
WKH RQO\ KXPDQ DFWLYLW\ JHQHUDOO\ DOORZHG LV WKH FDWWOH JUD]LQJ
0DQXUHLVVSUHDGLQNDUVWSODQHV
7KH SXUSRVH RI WKH SUHVHQW VWXG\ ZDV WR GHILQH D WKH
LQIOXHQFH RI SUHFLSLWDWLRQV LQILOWUDWLRQ PRGDOLWLHV WUDQVSRUW
SDWKZD\V DQG GLOXWLRQ RQ ERWK WKH HQWLW\ DQG WKH WHPSRUDO
YDULDELOLW\ RI FRQWDPLQDWLRQ DQG E WKH UHOLDELOLW\ RI IHFDO
VWUHSWRFRFFLDVLQGLFDWRUVRIJURXQGZDWHUEDFWHULDOFRQWDPLQDWLRQ
7KH VWXG\ ZDV GHYHORSHG WKURXJK WKH PRQLWRULQJ RI PLFURELDO
FRQWDPLQDWLRQRIVSULQJVIURP-DQXDU\WR0DUFKLQ








GHSRVLWV &UHWDFHRXV2OLJRFHQH DQG VXERUGLQDWHO\ E\ PDUO\
FDOFDUHRXV 2OLJRFHQH%XUGLJDOLDQ DQG FDOFDUHRXVPDUO\
GHSRVLWV/DQJKLDQ7RUWRQLDQ7KHERXQGDULHVRIWKHDTXLIHUDUH
UHSUHVHQWHG E\ WKH WHFWRQLF GLVFRQWLQXLWLHV ZKLFK SURGXFHG D
VLJQLILFDQWGHFUHDVHRIWKHK\GUDXOLFFRQGXFWLYLW\RIWKHFDUERQDWH
URFNV




7KH JURXQGZDWHU IORZV IURP(DVW WRZDUG:HVW WR GLIIHUHQW
VSULQJVLGHQWLILHGDVVSULQJV³$´³%´³&´DQG³'´
7KHLQWHUPLWWHQWVSULQJ³$´PHWHUVDVOLVIHGE\WKH
VHFRQGDU\ DQG FRQFHQWUDWHG LQILOWUDWLRQ RI UXQRII LQ D VZDOORZ
KROH ORFDWHG  PHWHUV IURP WKH VSULQJ 7KH VSULQJ DQG WKH
VZDOORZKROH DUH GLUHFWO\ LQWHUFRQQHFWHG WKURXJK DQ H[SORUHG
NDUVW FRQGXLW 7KHUHIRUH WKH PRQLWRULQJ RI WKLV VSULQJ KDV
DOORZHGWKHDQDO\VLVRIWKHLQWHUDFWLRQEHWZHHQPLFURELDO
SROOXWDQWV DQG WKHNDUVW FRQGXLW LQ D SDVWXUH DUHD2QO\ LQWHQVH
UDLQIDOOHYHQWVDUHDEOHWRSURGXFHWKLVVHFRQGDU\LQILOWUDWLRQ
7KH VHDVRQDO VSULQJ ³%´  PHWHUV DVO KDV D PHDQ
DQQXDOGLVFKDUJHRIDERXWPVDQGLVIHGE\ERWKWKHGLUHFW
DQG WKH VHFRQGDU\ LQILOWUDWLRQ ZDWHU 7KH VXUIDFH ZDWHU EHIRUH
IORZLQJZLWKLQ D NDUVW FRQGXLW ZKLFK LV HQWLUHO\ ORFDWHG LQ WKH
QRQVDWXUDWHGPHGLXPLQILOWUDWHVLQDGHSUHVVLRQWKURXJKWKHVRLO
PHGLXP PHWHUV IURP WKH VSULQJ 7KLV FRQGXLW UHSUHVHQWV D
SRUWLRQ RI WKH NDUVW V\VWHP LQWHUFRQQHFWHGZLWK WKH VSULQJ ³$´
%RWK WKH GLUHFW DQG WKH VHFRQGDU\ LQILOWUDWLRQ ZDWHU LQWHUDFWHG
ZLWKSDVWXUH
7KH SHUHQQLDO VSULQJ ³&´  PHWHUV DVO KDV D PHDQ
DQQXDO GLVFKDUJH RI DERXW  PV DQG LV QRW LQWHUFRQQHFWHG
ZLWKNDUVWFRQGXLWV0DQXUHZDVVSUHDGLQDVPDOOSODQHORFDWHG
PHWHUVIURPWKHVSULQJ
7KH SHUHQQLDO VSULQJ ³'´  PHWHUV DVO KDV D PHDQ
DQQXDOGLVFKDUJHRIDERXWPVDQGLVIHGE\ERWKWKHGLUHFW
DQGWKHVHFRQGDU\LQILOWUDWLRQZDWHU7KHVXUIDFHZDWHULQWHUDFWHG




7KH GHSOHWLRQ FRQVWDQW RI WKH VHDVRQDO DQG WKH SHUHQQLDO
VSULQJV JR IURP [  DQG  [  G 7KH JURXQGZDWHU
OHYHO ZDV FKDUDFWHULVHG E\ D IDVW HYROXWLRQ SURGXFHG E\ WKH
HIIHFWLYHLQILOWUDWLRQVKRZLQJKLJKIORZYHORFLWLHVZLWKLQWKHQRQ
VDWXUDWHGIUDFWXUHGPHGLXP·PG
7KH VRXUFHV RI FRQWDPLQDWLRQ DUH UHSUHVHQWHG E\ VHDVRQDO
SDVWXUH DOORZHG IURP 0D\ WR 2FWREHU DQG GHYHORSHG LQ WKH
 RI VWXG\ DUHD DQG PDQXUH VSUHDGLQJ GHYHORSHG LQ WKH
 RI VWXG\ DUHD 7KH  RI WKH DTXLIHU LV FRYHUHG E\
EHHFK ZRRGODQG ,Q SDVWXUH DUHDV WKH FDUERQDWH VORSHV DUH







6XUIDFH ZDWHU ZKLFK LQILOWUDWHG LQWR WKH DTXLIHU VHFRQGDU\
LQILOWUDWLRQDOZD\VVKRZHGIURPVHYHUDOWHQVWRVHYHUDOKXQGUHGV
&)8PORIIHFDOEDFWHULD
$ VLJQLILFDQW PLFURELDO SROOXWLRQ ZDV YHULILHG LQ WKH ZDWHU
VDPSOHV FROOHFWHG LQ VSULQJ ³$´ IURP VHYHUDO WHQV WR VHYHUDO
KXQGUHGV&)8PORIIHFDOEDFWHULDGXULQJWKHUDLQIDOOHYHQW
ZKLFK SURGXFHG D VHFRQGDU\ LQILOWUDWLRQ RI VXUIDFHZDWHU LQ WKH
VZDOORZKROHGLUHFWO\LQWHUFRQQHFWHGZLWKWKHVSULQJ
1R PLFURELDO SROOXWLRQ ZDV YHULILHG LQ WKH ZDWHU VDPSOHV
FROOHFWHG LQ VSULQJ ³%´ GXULQJ UDLQIDOO HYHQWV ZKLFK GLG QRW
SURGXFHVLJQLILFDQWUXQRIIDQGVHFRQGDU\LQILOWUDWLRQ<HWDORZ
PLFURELDO SROOXWLRQ IHZ &)8 PO RI IHFDO EDFWHULD ZDV




P/ RI IHFDO EDFWHULD RIZDWHU VDPSOHV FROOHFWHG LQ VSULQJ ³%´
ZDV YHULILHG ZKHQ LQWHQVH UDLQIDOO HYHQWV SURGXFHG WKH

FRQFHQWUDWHG LQILOWUDWLRQ RI WKH UXQRII LQ WKH VZDOORZ KROH
LQGLUHFWO\ LQWHUFRQQHFWHG ZLWK WKH VSULQJ 7KDW VKRZHG D
VLJQLILFDQWLQWHUDFWLRQEHWZHHQNDUVWV\VWHPDQGIUDFWXUHSDWWHUQ




VDPSOHV FROOHFWHG LQ VSULQJ ³&´ GXULQJ VLJQLILFDQW GLUHFW
LQILOWUDWLRQHYHQWV
1R PLFURELDO SROOXWLRQ ZDV YHULILHG LQ WKH ZDWHU VDPSOHV
FROOHFWHG LQ VSULQJ ³'´ EHIRUH -XQH  DOWKRXJK WKH VXUIDFH
ZDWHURIWKHVWUHDPOLQHDUO\LQILOWUDWHGLQWRWKHDTXLIHUIHZ/V
)URP -XQH  RQ WKH QHZ VWRFN IDUP QHDUE\ WKH VSULQJ
SURGXFHG D VLJQLILFDQW LQFUHDVH RI WKH PLFURELDO SROOXWLRQ RI
VSULQJZDWHU







7KH LQIOXHQFH RI SDVWXUH DQG PDQXUH VSUHDGLQJ RQ WKH
JURXQGZDWHU PLFURELRORJLFDO FRQWDPLQDWLRQ LQ FDUERQDWH
IUDFWXUHG ± NDUVWLILHG DTXLIHUV VLJQLILFDQWO\ FKDQJHV DV D
IXQFWLRQ RI WKH LQILOWUDWLRQPRGDOLWLHV GLUHFW RU VHFRQGDU\ WKH
WUDQVSRUW SDWKZD\V IUDFWXUH SDWWHUQ RU NDUVW FRQGXLWV DQG WKH
GLOXWLRQ GHJUHH $V D PDWWHU RI IDFW WKH LQWHUDFWLRQ EHWZHHQ
PLFURELDO FRQWDPLQDWLRQ DQG NDUVW FRQGXLWV GLG QRW DOORZ D
VLJQLILFDQWVHOISXULILFDWLRQRISROOXWHGZDWHU/RZFRQWDPLQDWLRQ
RI VSULQJ ZDWHU ZDV YHULILHG ZKHQ WKH LQILOWUDWHG VXUIDFH ZDWHU





7KH GLUHFW LQILOWUDWLRQ RI SROOXWHG ZDWHU WKURXJK VRLO DQG
OLPHVWRQHV SURGXFHG VLJQLILFDQW PLFURELDO FRQWDPLQDWLRQ RQO\
ZKHQ WKHUHZDVD VWRFN IDUPQHDUE\ WKHVSULQJ ³'´DQGZKHQ
WKHUHZDVPDQXUHVSUHDGLQJDWDPHGLXPGLVWDQFHIURPWKHVSULQJ
³&´,QRWKHUZRUGVWKHGLUHFWLQILOWUDWLRQZDVDEOHWRJHQHUDWH
WKH PLFURELDO FRQWDPLQDWLRQ RI D VSULQJ MXVW LQ FDVH ODUJH
TXDQWLWLHVRIGXQJZHUHFRQFHQWUDWHGLQDVPDOODUHDFORVHWRWKH
VSULQJ VKRUW OHQJWKV RI WUDQVSRUW $V DPDWWHU RI IDFW WKH VRLO
PHGLDZHUHQHYHUDEOHWRSURGXFHDFRPSOHWHVHOISXULILFDWLRQRI
SROOXWHGZDWHU7KDWZDVFRQILUPHGE\WKHUHVXOWVRIFROXPQWHVWV
,Q DOO FDVHV RI FRQWDPLQDWLRQ WKH PLFURELDO SROOXWLRQ ZDV
FKDUDFWHULVHG E\ D F\FOLF HYROXWLRQ VWULFWO\ UHODWHG WR
SUHFLSLWDWLRQV WKDQNV WR WKH KLJK IORZ YHORFLWLHV DQG  RU WKH
PHGLXPVKRUWOHQJWKVRIWUDQVSRUW
&RQFHUQLQJ WKH UHOLDELOLW\ RI WKH PLFURRUJDQLVPV DQDO\VHG
WKHVWDWLVWLFDODQDO\VLVRI WKHGDWDVKRZHGWKDWIHFDOVWUHSWRFRFFL
DUHEHWWHULQGLFDWRUVWKDQIHFDOFROLIRUPVZKHQWKHPHDQYDOXHVRI
PLFURELDO FRQWDPLQDWLRQ RI JURXQGZDWHU DUH ORZ LQ WKH FDVH
VWXG\IHZ&)8PO7KDWVKRXOGEHLQWHUSUHWHGDVWKHUHVXOW
RIGLIIHUHQW IDFWRUV DDQLPDOIHFHVDUHFKDUDFWHULVHGE\DUDWLR
IHFDO FROLIRUPV  IHFDO VWUHSWRFRFFL EHORZ  *HOGUHLFK DQG
.HQQHUEIHFDOVWUHSWRFRFFLDUHPRUHUHVLVWDQWWKDQIHFDO




FRQWDPLQDWLRQ RI JURXQGZDWHU DQG WKH DQDO\VLV RI LWV HYROXWLRQ
PXVW EH GHYHORSHG WKURXJK DQ LQWHQVLILFDWLRQ RI WKH ³FODVVLF´








&HOLFR ) &HOLFR 3 'H9LWD 3 3LVFRSR9 *URXQGZDWHU
)ORZ DQG 3URWHFWLRQ LQ WKH 6RXWKHUQ $SHQQLQHV ,WDO\
+\GURJHRORJ\
&HOLFR)0XVLOOL,1DFOHULR*7KH,PSDFWRI3DVWXUHDQG
0DQXUH 6SUHDGLQJ RQ 0LFURELDO *URXQGZDWHU 4XDOLW\ LQ
&DUERQDWH$TXLIHUV,Q%RFDQHJUD(0DUWLQH]'0DVVRQH+
HGV *URXQGZDWHU DQG +XPDQ 'HYHORSPHQW ± 3URF ;;;,,
,$+ 	 9, $/+68' &RQJUHVV 0DU GHO 3ODWD $UJHQWLQD
2FWREHU




*HOGUHLFK (( .HQQHU %$  &RPPHQWV RQ )HFDO





















$ E V W U D F W   $QHZDSSURDFKKDVEHHQGHYHORSHGIRUK\GURJHRORJLFDOWHVWLQJRIGHHSH[SORUDWRU\ERUHKROHVXVLQJSDFNHUV\VWHPV
WKDW DUH SXPSHG WKURXJK WKH GULOO VWULQJ:DWHU LV SURGXFHG IURP WKH LVRODWHG LQWHUYDO GXULQJ WKH WHVW VHTXHQFH7UDQVLHQW SUHVVXUH










QDWXUDOO\ IURP WKH IRUPDWLRQ DV D UHVXOW RI SUHVVXUH GLIIHUHQFH
IRUPDWLRQ SUHVVXUH  DWPRVSKHULF SUHVVXUH H[LVWLQJ LQ WKLV
WXQQHO,QLWLDOGUDLQDJHIRUWXQQHOVXQGHUFRQVWUXFWLRQLVDOZD\V
PRUHLPSRUWDQWWKDQVWDELOLVHGGUDLQDJHIRUWXQQHOVLQVHUYLFH,Q
JHQHUDO RQH FRQVLGHUV WKDW WKH IRUPDWLRQ LV K\GURJHRORJLFDOO\
³DFWLYH´ZKHQWKHVWDELOLVHGGUDLQDJHH[FHHGVOLWUHVSHUVHFRQG
PSHUPLQXWH
)RU GHFDGHV WKH GHWHUPLQDWLRQ RI ZDWHU GUDLQDJH KDV EHHQ
TXDOLWDWLYHO\ HVWLPDWHG IURP JHRORJLFDO FRQVLGHUDWLRQV RU IURP
WKH QRUPDOLVHG DSSURDFK XVLQJ /XJHRQ W\SH LQMHFWLRQ WHVWV LQ
YHUWLFDO ZHOOV FURVVLQJ WKH SDWK RI WKH IXWXUH WXQQHO ,W LV QRZ
UHFRJQLVHG WKDW WKLV DSSURDFK LV QRW TXLWH DSSURSULDWH $ QHZ
DSSURDFK KDV EHHQ GHYHORSHG ZKLFK LV EDVHG RQ WKH XVH RI
VRSKLVWLFDWHG WHVWLQJ WRROV LQ SDUWLFXODU LQ KRUL]RQWDO ZHOO
VHFWLRQVGULOOHGDORQJWKHSDWKRIDIXWXUHWXQQHO7KHVHKRUL]RQWDO
VHFWLRQV FDQ EH GULOOHG EHIRUH WXQQHO FRQVWUXFWLRQ IURP WKH
VXUIDFH ZLWK H[SORUDWRU\ ZHOOV XVLQJ WKH GLUHFWLRQDO GULOOLQJ






WHVWLQJ GXULQJ WKH ODVW GHFDGH VXFK DV FRPELQHG ORJJLQJ DQG
WHVWLQJV\VWHPVDSSOLHGDORQJWKHHQWLUHRSHQKROHVHFWLRQGRXEOH
SDFNHU V\VWHPV UXQZLWKGULOO SLSHVRU VSHFLDO WXELQJ DQGZLUH
OLQHSDFNHUV\VWHPVUXQWKURXJKWKHFRULQJDVVHPEO\%KOHUDQG
7KXW7KH\DOO LQFOXGHDVXUIDFHSUHVVXUHUHDGRXWV\VWHP





D GHHS WXQQHO SURMHFW LQ WKH )UHQFK $OSV SURMHFW $OSHWXQQHO
/7)DORQJWKHSDWKRIDIXWXUHUDLOZD\WXQQHOEHWZHHQ/\RQDQG
7XULQ%RLVDQG%HUWUDQG
7KH WRRO LV SUHVHQWHG ILJ$IWHU FRULQJ D QHZ VHFWLRQ WKH








DERYH WKH LQWHUQDO SDFNHU 7HVWLQJ RSHUDWLRQV FDQ WKHQ EH
SHUIRUPHGRQWKHLVRODWHGVHFWLRQEHWZHHQWKHH[WHUQDOSDFNHUDQG
WKH HQG RI WKH ERUHKROH 3UHVVXUH DQG WHPSHUDWXUH DUH
FRQWLQXRXVO\ PRQLWRUHG LQ WKH WRRO E\PHDQV RI WZR GRZQKROH
UHFRUGHUV$QLQWHJUDWHGGRZQKROHVDPSOHUHQDEOHVRQHWRWDNHD
ZDWHUVDPSOHDWWKHHQGRIWKHWHVWLQJRSHUDWLRQ
$ VHFRQG SDFNHU V\VWHP 623 LV LQVWDOOHG LQVLGH WKH GULOO
URGVWRDGHSWKRIDIHZKXQGUHGVPHWHUVGHSHQGLQJRQWKHZDWHU
OHYHO 7KLV V\VWHP LV UXQ DQG VHW ZLWK VPDOO GLDPHWHU WXELQJ
LQVLGHWKHFRULQJVWULQJLQWKHYHUWLFDORULQFOLQHGSDUWRIWKHZHOO
$ GRZQKROH VKXWLQ YDOYH DOORZV RQH WR FUHDWH SURGXFWLRQ DQG
VKXWLQ SHULRGV $ VXUIDFH SUHVVXUH UHDGRXW V\VWHP LV XVHG WR




















7KH VDPH 3'36 FRQFHSW KDV EHHQ DOVR XVHG LQ KRUL]RQWDO





ZDWHU IORZVQDWXUDOO\ IURP WKH IRUPDWLRQ WR WKH WXQQHO)RU WKLV








'67 GULOO VWHP WHVW VHTXHQFHV DFRPELQHGVOXJDQGSXOVH WHVW
DSSURDFK7KLVDSSURDFKRULJLQDWHVIURPWKHSHWUROHXPLQGXVWU\
ZKHUH LWKDVEHHQXVHGIRUGHFDGHV7KHWHVWLQJSURJUDPIRU WKH
WRROREMHFWRI ILJ LVEDVHGRQDVXFFHVVLRQRIQDWXUDO IORZDQG
VKXWLQ VHTXHQFHV ,Q ERWK FDVHV WKH VXUIDFH SUHVVXUH UHDGRXW
V\VWHPDOORZVDUHDOWLPHGDWDWUDQVPLVVLRQDQGLQWHUSUHWDWLRQVR
WKDW WKH WHVW SURJUDP FDQ EH SHUPDQHQWO\ DGDSWHG WR WKH ZHOO
EHKDYLRXU +RZHYHU WHVW LQWHUSUHWDWLRQ LV SHUIRUPHG RQ
GRZQKROH GDWD WUDQVIHUUHG IURP WKH SUHVVXUHWHPSHUDWXUH
UHFRUGHUVDIWHUUHWULHYDORIWKHWRRO
7KH LQWHUSUHWDWLRQ PHWKRGRORJ\ LV EDVHG RQ D SUHVVXUH DQG
SUHVVXUH GHULYDWLYH DQDO\VLV YHUVXV WLPH RQ D ORJORJ SORW 7KLV
DSSURDFKZDVGHYHORSHGLQWKHVIRUWKHSHWUROHXPLQGXVWU\
DQGLVQRZEHFRPLQJDVWDQGDUGLQK\GURJHRORJ\2QFHDQLQLWLDO
LQWHUSUHWDWLRQ KDV EHHQ SHUIRUPHG VLPXODWLRQ DQG QRQOLQHDU
UHJUHVVLRQ WHFKQLTXHV DUH XVHG WR LPSURYH WKH DQDO\VLV ,I
QHFHVVDU\YDULRXVDTXLIHUPRGHOVFDQEHDSSOLHGDQGWKHSURFHVV
LV UHSHDWHG XQWLO D JRRG PDWFK LV REWDLQHG EHWZHHQ WKH
H[SHULPHQWDOSRLQWVDQGWKHVLPXODWLRQ
)LJLVDQH[DPSOHRIVXFKDORJORJSORW7KHVSHFLILF³KDOI
VORSH´ VKDSH RI WKH SUHVVXUH DQG SUHVVXUH GHULYDWLYH FXUYHV LV
W\SLFDO IRU D PDMRU IORZ LQ WKH WHVWHG LQWHUYDO DORQJ KLJKO\















LQWHUYDO DUH HQWHUHG DV LQSXW SDUDPHWHUV LQ WKH KRUL]RQWDO ZHOO
PRGHO RI WKH VRIWZDUH ZLWK GLPHQVLRQV RI WKH WXQQHO )ORZ
SUHGLFWLRQ GUDLQDJH LV VLPXODWHGXVLQJDWPRVSKHULFSUHVVXUHDV
WKHIORZSUHVVXUH
)LJGHSLFWVDQH[DPSOHRIVXFKDGUDLQDJHFDOFXODWLRQDQG
VKRZV KRZ D EDG LQWHUSUHWDWLRQ FDQ DIIHFW WKH GUDLQDJH UHVXOWV
7KH LQLWLDO GUDLQDJH UDWH LQFUHDVHV IURP  WR  OLWUHV SHU
PLQXWH DQG WKH VWDELOLVHG GUDLQDJH UDWH LQFUHDVHV IURP  WR
 OLWUHV SHUPLQXWH FXUYH  WR FXUYH  LI WKH LQWHUSUHWDWLRQ
VRIWZDUH WDNHV LQWR DFFRXQW WKH ³FORJJLQJ´ HIIHFWV VNLQHIIHFW
GXULQJ WKH WHVW VHTXHQFHDQG LI LWFDQ UHWULHYH WKLVHIIHFWGXULQJ
WKHGUDLQDJHVLPXODWLRQ7KLV³DFWLYH´ LQWHUYDOZRXOGKDYHEHHQ
FRQVLGHUHGDV³LQDFWLYH´LIWKHVNLQHIIHFWZDVQRWUHWULHYHGIURP
WKH GUDLQDJH FDOFXODWLRQ 7KLV NLQG RI LQWHUSUHWDWLRQ ZDV












RQ WKH XVH RI SXPSHG WHVWLQJ WRROV LQ KRUL]RQWDO ZHOO VHFWLRQV
GULOOHG DORQJ WKH SDWK RI D IXWXUH WXQQHO DQG WKH XVH RI
LQWHUSUHWDWLRQ WHFKQLTXHV XVLQJ SUHVVXUH DQG SUHVVXUH GHULYDWLYH












%RLV $3 %HUWUDQG /  5HFRQQDLVVDQFHV SDU VRQGDJHV
GLULJpV'RFXPHQW$OSHWXQQHO*(,(-DQXDU\
%KOHU &K 7KXW $  +\GUDXOLVFKH XQG IHOVPHFKDQLVFKH
%RKUORFKYHUVXFKH 9RUHUNXQGXQJ XQG 3URJQRVH GHU %DVLV
WXQQHOV/|Z	:\VV(G%DONHPD5RWWHUGDP,6%1

'HORXYULHU - 7KXW $ 6HJXLQ 0  /HV PHVXUHV K\GUR
JpRORJLTXHV SRXU OD FDUDFWpULVDWLRQ GHV RXYUDJHV VRXWHUUDLQV






























)UDFWXUHV SURYLGH SDWKZD\V IRU UDSLG VXEVXUIDFH PLJUDWLRQ RI
FRQWDPLQDQWVERWKDVQRQDTXHRXVSKDVHOLTXLGV1$3/VDQGDV
DGLVVROYHGSKDVHLQWKHJURXQGZDWHU+RZHYHUVLWHLQYHVWLJDWLRQ









)LHOG REVHUYDWLRQV IURP VLWHV ZLWK D ORQJ LQGXVWULDO KLVWRU\
VKRZ WKDW1$3/VPD\SHUVLVW LQ IUDFWXUHV IRU\HDUVRUGHFDGHV
7KLV LVSDUWLFXODUO\ HYLGHQW LQ FDVHVZKHUH VRPHFRPSRQHQWVRI
WKH1$3/DUHRIOLPLWHGVROXELOLW\HJXQUHILQHGK\GURFDUERQV
OXEULFDWLRQ RLOV DQG FRDO WDU7KHEHKDYLRXU DQGPRELOLW\RI WKH
1$3/DQGWKHGLVVROYHGSKDVHDUHVWURQJO\LQIOXHQFHGE\PDWUL[
OLWKRORJ\ DV ZHOO DV WKH IUDFWXUH QHWZRUN )LHOG GDWD IURP ILYH
VLWHVLQ1RUWK$PHULFDDQGWKH8.DUHSUHVHQWHGUHSUHVHQWLQJD
UDQJHRIFRQGLWLRQVZKHUH1$3/VKDYHSHQHWUDWHGWRDVLJQLILFDQW
GHSWK DQG SHUVLVWHG LQ VXEVXUIDFH IUDFWXUHV IRU D SURORQJHG






0RYHPHQW RI 1$3/V LQ D IUDFWXUHG URFN GHSHQGV RQ WKH
SURSHUWLHV RI WKH 1$3/ WKH IUDFWXUH QHWZRUN WKH DSHUWXUH DQG
RULHQWDWLRQ RI LQGLYLGXDO IUDFWXUHV DQG WKH JURXQGZDWHU UHJLPH
5HODWLYHO\ VPDOO YROXPHV RI 1$3/V LQ YHUWLFDO RU VXEYHUWLFDO
IUDFWXUHVFDQILOODVLJQLILFDQWKHLJKWRIIUDFWXUHWKXVJHQHUDWLQJD
SUHVVXUH GLIIHUHQFH EHWZHHQ WKH 1$3/ LQ WKH IUDFWXUH DQG WKH
ZDWHULQWKHPDWUL[.XHSHUDQG0F:KRUWHU7KHGHSWKRI
SHQHWUDWLRQ RI '1$3/V GHQVHU WKDQ ZDWHU LV GHWHUPLQHG E\
IUDFWXUH DSHUWXUH 1$3/ GHQVLW\ DQG YLVFRVLW\ 3DQNRZ DQG
&KHUU\EXWVORZHGE\GLVVROXWLRQ3DUNHUHWDO7KH
DGYDQFHRIWKH'1$3/PD\FHDVHDOWRJHWKHUGXHWRDFRQVWULFWLRQ
ZLWK D ODUJH HQWU\ SUHVVXUH EXW D ULVH LQ '1$3/ SUHVVXUH RU
FKDQJHV LQ FDSLOODU\ IRUFHV PD\ DOORZ VXGGHQ UHPRELOLVDWLRQ
5RVVDQG/X
'HVSLWHEHLQJOHVVGHQVHWKDQZDWHU/1$3/VLQIUDFWXUHVFDQ
SHQHWUDWH LQWR WKH VDWXUDWHG ]RQH GHSHQGLQJ RQ WKH FRQQHFWHG
YHUWLFDOKHLJKWRI/1$3/LWVGHQVLW\DQGWKHIUDFWXUHDSHUWXUH,Q
ODUJHDSHUWXUH IUDFWXUHVZKHUH WKHHIIHFWVRIFDSLOODU\ IRUFHV DUH
UHGXFHG WKH GHSWK RI SHQHWUDWLRQ PD\ EH VHYHUDO RUGHUV RI
PDJQLWXGHJUHDWHUWKDQWKDWSUHGLFWHGE\SRURXVPHGLXPPRGHOV
+DUGLVW\HWDO7KLVPD\DQGDOORZPRYHPHQWRI/1$3/
LQWR LQWHUFRQQHFWHG VXEKRUL]RQWDO IUDFWXUHV WKXV SURYLGLQJ D
SDWKZD\IRUODWHUDOVSUHDGLQJ
3UHYLRXV WKHRUHWLFDO WUHDWPHQWV 3DUNHU HW DO  KDYH
SUHGLFWHG FRPSDUDWLYHO\ UDSLG GLVDSSHDUDQFH RI 1$3/V IURP
IUDFWXUHV SDUWLFXODUO\ LQ FDVHV ZKHUH WKH EXON RI WKH 1$3/ LV
PDGH XS RI UHODWLYHO\ ZDWHUVROXEOH FRPSRQHQWV DQG WKH URFN
PDWUL[ KDV VLJQLILFDQW SRURVLW\ DQG SHUPHDELOLW\ 7KH




WULFKORURHWK\OHQH LQ D W\SLFDO IUDFWXUHG FOD\ DQG VDQGVWRQH
UHVSHFWLYHO\ZLWKDIUDFWXUHVSDFLQJRIP3DUNHUHWDO
+RZHYHU LQ VLWXDWLRQV LQYROYLQJ PXOWLFRPSRQHQW 1$3/
PL[WXUHVZKHUHVRPHRIWKHFRPSRQHQWVDUHRIOLPLWHGVROXELOLW\
1$3/V PD\ SHUVLVW LQ IUDFWXUHV IRU H[WHQGHG SHULRGV RI WLPH
8QUHILQHGK\GURFDUERQVOXEULFDWLRQRLOV3&%¶VDQGFRDOWDUDUH
H[DPSOHV RI VXFK OLTXLGV :KHUH WKH URFN PDWUL[ LV RI ORZ
SHUPHDELOLW\GLIIXVLRQSURFHVVHVPD\EHVORZ,QODUJHDSHUWXUH
IUDFWXUHVZLWKVLJQLILFDQW1$3/VDWXUDWLRQUHGXFHGVXUIDFHDUHD






7KH LQGXVWULDO KLVWRU\ RI WKH 8. KDV OHIW D OHJDF\ RI
FRQWDPLQDWHG XUEDQ VLWHV ZKLFK UHTXLUH LQYHVWLJDWLRQ DQG
UHPHGLDWLRQ SULRU WR UHGHYHORSPHQW 0DQ\ RI WKHVH VLWHV ZHUH
DFWLYHIRURYHU\HDUVDQGWKXVSURYLGHXQLTXHLQIRUPDWLRQRQ
WKH ORQJWHUP EHKDYLRXU RI ERWK 1$3/V DQG GLVVROYHG SKDVH
FRQWDPLQDQWV +RZHYHU GXH WR WKH ORQJ KLVWRU\ SUHFLVH
GHILQLWLRQRIWKHVRXUFHWHUPVLVUDUHO\SRVVLEOH
6\VWHPDWLF LQYHVWLJDWLRQRIFRQWDPLQDWLRQ LQ1RUWK$PHULFD
DOVR SURYLGHV JRRG GDWD RQ WKH ORQJWHUP EHKDYLRXU RI
FRQWDPLQDQWVJHQHUDOO\LQWKHWR\HDUWLPHVFDOH
)LHOGGDWD IURPILYH VLWHV LQ1RUWK$PHULFDDQG WKH8.DUH
SUHVHQWHGUHSUHVHQWLQJDUDQJHRIFRQGLWLRQVZKHUH1$3/VKDYH
EHHQIRXQGLQVXEVXUIDFHIUDFWXUHVLPSO\LQJSHUVLVWHQFHIRU\HDUV
RU GHFDGHV &RPSUHKHQVLYH LQYHVWLJDWLRQV LQFOXGLQJ VHYHUDO
SKDVHV RI GULOOLQJ VDPSOLQJ DQG PRQLWRULQJ KDYH EHHQ
XQGHUWDNHQDWDOOWKHVLWHV7KHH[DPSOHVLQFOXGHJDVFRQGHQVDWH




7DE VXPPDULVHV WKH NH\ LQIRUPDWLRQ IURP WKH VLWH











7KUHH RI WKH VLWHV DUH IRUPHU JDVZRUNV ZKHUH WKH SULQFLSDO
FRQWDPLQDQWVDUHE\FRDOWDUVDQGWKHLUGHULYDWLYHVZLWKDGHQVLW\
ZKLFK LV VLPLODURUVOLJKWO\JUHDWHU WKDQZDWHU7KH UHVXOWV IURP
WKH ILUVWH[DPSOHVKRZWKDW WKHZLGHO\VSDFHGYHUWLFDO IUDFWXUHV
DOORZ1$3/WRSHQHWUDWHWRDVLJQLILFDQWGHSWKHYHQWKRXJKWKH
WDU LV KLJKO\ YLVFRXV DQG WKH URFN LV D WKLFN SODVWLF FOD\ RI ORZ
SHUPHDELOLW\
7KHRWKHUWZRJDVZRUNVVLWHVOLHRQWKHRXWFURSRIRQHRIWKH
8.¶VPDMRU DTXLIHUV WKH7ULDVVLF6KHUZRRG VDQGVWRQH FORVH WR
WKH IHDWKHU HGJH RI WKH DTXLIHU 7KH VWUDWLJUDSKLF SRVLWLRQ
OLWKRORJ\ DQG WKLFNQHVV RI WKH VDQGVWRQH DQG QDWXUH RI WKH
VXSHUILFLDO FRYHU DUH YHU\ VLPLODU DW ERWK ORFDWLRQV +RZHYHU
WKHUHDUHVRPHVWULNLQJGLIIHUHQFHVLQWKHGHSWKRISHQHWUDWLRQDQG
WKH GLVWULEXWLRQ RI WKH IUHH SKDVH WDUV 7KHVH DUH LQWHUSUHWHG DV
EHLQJ GXH WR PLQRU FKDQJHV LQ OLWKRORJ\ DQG WKH GHJUHH RI
ZHDWKHULQJ ZKLFK UHVXOW LQ VXEWOH YDULDWLRQV LQ JUDLQ VL]H
FHPHQWDWLRQDQGIUDFWXULQJ0RUHLQWHQVHZHDWKHULQJUHVXOWVLQD
IULDEOH DTXLIHU ZLWK IUDFWXUHV LQILOOHG E\ VDQG :KHUH WKH
VDQGVWRQHLVPRUHFRPSHWHQWRFFDVLRQDOYHUWLFDOIUDFWXUHVSOD\D
PDMRU UROH LQ DOORZLQJ GRZQZDUG PRYHPHQW RI 1$3/ DQG
SURYLGLQJ DFFHVV WR LQWHUFRQQHFWLQJ VXEKRUL]RQWDO IUDFWXUHV
1$3/ FDQ RQO\ HQWHU WKH VDQGVWRQH PDWUL[ RI D IHZ FRDUVH
JUDLQHG EHGV ZLWK ODUJHU SRUH WKURDWV ZKLOH RFFDVLRQDO
XQIUDFWXUHG ILQH JUDLQHG EHGV SUHYHQW IXUWKHU GRZQZDUG
PRYHPHQW +RZHYHU DW ERWK VLWHV FRPSDULVRQ RI K\GUDXOLF
FRQGXFWLYLWLHV IURP FRUHV DQG SXPSLQJ WHVWV VXJJHVW WKDW WKH
IUDFWXUHVPDNHRQO\DVPDOOFRQWULEXWLRQWREXONWUDQVPLVVLYLW\
7KH FRQWUDVWLQJ UHVXOWV IRU WKH WZR UHPDLQLQJ VLWHV ERWK LQ
1RUWK $PHULFD LOOXVWUDWH WKH LQIOXHQFH RI WKH GXUDWLRQ RI WKH
VRXUFH DQG WKH IUDFWXUHQHWZRUN7KH UHODWLYHO\ VKRUW WLPH VLQFH
WKH VSLOO LQWR WKH GRORPLWH FRPELQHG ZLWK D UDSLG GHFUHDVH LQ
IUDFWXUH GHQVLW\ DQG DSHUWXUH ZLWK GHSWK UHVXOWV LQ D OLPLWHG
SHQHWUDWLRQ RI 1$3/ LQWR WKH GHHSHU DTXLIHU +RZHYHU GXH WR
SXPSLQJ WKHPRYHPHQWRIGLVVROYHGSKDVH LVQRW OLPLWHG LQ WKH
VDPH ZD\ $W ERWK WKHVH VLWHV GLIIXVLRQ LQWR WKH PDWUL[ LV
H[WUHPHO\OLPLWHGGXHWRWKHGHJUHHRIFHPHQWDWLRQ
,Q DOO ILYH FDVHV WKH SHUVLVWHQFH RI WKH 1$3/ H[FHHGV WKH
WKHRUHWLFDO GLVDSSHDUDQFH WLPHV FDOFXODWHG IRU D VLQJOH
FRQWDPLQDQWDQGEDVHGRQWKHREVHUYHGSURSHUWLHVRIWKHIUDFWXUH
QHWZRUNDQGWKHPDWUL[7KLVSHUVLVWHQFHDSSHDUVWREHGXHWRDQ
LQWHUDFWLRQ RI VHYHUDO IDFWRUV LQFOXGLQJ UHSOHQLVKPHQW RI WKH
1$3/ RYHU D VLJQLILFDQW SHULRG RI WLPH DQG KLJK 1$3/
VDWXUDWLRQ ,Q DGGLWLRQ WKH1$3/V FRPSULVH D FRPSOH[PL[WXUH
RIGLIIHUHQWFRPSRQHQWV WKXVILHOGVROXELOLWLHVRIDOOFRPSRXQGV










$TXHRXV 3KDVH /LTXLGV LQ )UDFWXUHG &OD\ DQG 5RFN *URXQG
:DWHU
3DQNRZ -) &KHUU\ -$  'HQVH FKORULQDWHG VROYHQWV DQG
RWKHU '1$3/V LQ JURXQGZDWHU +LVWRU\ %DKHYLRXV DQG
5HPHGLDWLRQ:DWHUORR3UHVV3RUWODQG2UHJRQ
3DUNHU%/0F:KRUWHU'%&KHUU\-$'LIIXVLYHORHVVRI
QRQDTXHRXV SKDVH RUJDQLF VROYHQWV IURP LGHDOL]HG IUDFWXUH
QHWZRUNLQJHRORJLFPHGLD*URXQG:DWHU































$OVR RFFDVLRQDO EHGV RI
ILQHU RU FRDUVHU
VDQGVWRQH





























'RORPLWH  VHWV RI RUWKRJRQDO YHUWLFDO
IUDFWXUHV IUHTXHQF\ GHFUHDVHV
ZLWK GHSWK IURP V FP WR V
























$ E V W U D F W   7KHSXUSRVHRIWKLVSURMHFWLVWRFUHDWHWRROVIRUDGHWDLOHGDUHDLQYHVWLJDWLRQWRVHOHFWDSRWHQWLDOVLWHIRUDUHSRVLWRU\RI
KLJK UDGLRDFWLYHDQGKHDWJHQHUDWLQJZDVWH LQFU\VWDOOLQH URFN7KHSUREOHP LV WUHDWHGE\5XVVLDQ 91,3,3URPWHFKQRORJLL0D\DN
&KHPLFDO&RPELQHDQG*HUPDQVFLHQWLVWV'HXWVFKH*HVHOOVFKDIWIUGHQ%DXXQG%HWULHEYRQ(QGODJHUQIU$EIDOOVWRIIH'%(7HF
%XQGHVDQVWDOW IU *HRZLVVHQVFKDIWHQ XQG 5RKVWRIIH %*5 *HVHOOVFKDIW IU $QODJHQ XQG 5HDNWRUVLFKHUKHLW *56PE+ 7KHUH
H[LVWWZRSUHVHOHFWHGDUHDVWRKRVWUHSRVLWRULHVLQWKH6RXWKRI5XVVLD7KHILUVWLVORFDWHGLQWKH8UDOQHDU0D\DNWKHVHFRQGLQWKH







7KH DUHD ZKLFK LV WDNHQ LQWR FRQVLGHUDWLRQ LV VLWXDWHG LQ WKH
6LEHULDQ1L]KQHNDQVN\KDUGURFNPDVVLIEHWZHHQWZROLWWOHFUHHNV
ZKLFKFRPELQHWRWKH.DQ5LYHUDSSUR[LPDWHO\NPHDVWRIWKH
FLW\ RI .UDVQRMDUVN )LJ 7KH RFFXULQJ URFN LV D YHU\ ROG
JUDQLWH FRPSOH[ DQG VWHPV IURP WKH 3UHFDPEULDQ EDVLV :LWK
DSSUR[LPDWHO\NPLWEHORQJVWRRQHRIWKHJUHDWHVWFORVHG
JUDQLWH IRUPDWLRQV RI 6LEHULD 7KHUHE\ DQ DUHD RI  NP
RXWFURSV,QWKHFRQVHTXHQFHWKHUHKDGEHHQORQJWHUPHURVLRQDO
SURFHVVHV ZKLFK FDXVHG WKH JHQHVLV RI DQ H[WHQGHG ZHDWKHULQJ
]RQH FRPSRVHG RI GLVDJJUHJDWHG JUDQLWH 7KH GHSWKV RI WKH
JUDQLWH DPRXQWV DERXW  NP ZKHUHDV VHYHUDO VWUHVV ]RQHV DUH



























8QIRUWXQDWHO\ WKH DPRXQW RI GDWD DYDLODEOH LV UDWKHU VSDUVH 6R
ODFNLQJ GDWD KDYH WR EH FRPSHQVDWHG E\ H[SHUW NQRZOHGJH
5HVXOWLQJ XQFHUWDLQWLHV KDYH WR EH HVWLPDWHG DQG FODVVLILHG
7KHUHIRUH LW LV YHU\ LPSRUWDQW WR DQDO\VH WKH VHQVLWLYLW\ RI WKH
GLIIHUHQW PRGHO SDUDPHWHUV LQ RUGHU WR NQRZ ZKLFK SDUDPHWHU
FKDQJHV LQIOXHQFH WKH UHVXOWRI WKHJURXQGZDWHUIORZPRGHODQG
WKHVXEVHTXHQWWUDQVSRUW
,QSXW SDUDPHWHUV IRU WKH JURXQGZDWHU PRGHO DUH WKH
WRSRJUDSK\ ERXQGDULHV RI WKH GLIIHUHQW JHRK\GURORJLFDO OD\HUV
K\GUDXOLFKHDGJURXQGZDWHU UHFKDUJH ORFDWLRQDQGVORSHRI WKH



























EHDULQJ VHFWLRQV$SRURXVRQHQHDU WKH VXUIDFHDQGD IUDFWXUHG
RQH LQ GHHSHU OD\HUV 7KH SRURXV URFN FRPSOH[ FRQVLVWV RI
TXDUWHUQDU\VHGLPHQWVDQGZHDWKHUHGJUDQLWH7KLVOD\HULVIRXQG




FKDUDFWHULVWLF $OO RI WKHVH K\GURJHRORJLFDO LQIRUPDWLRQV HIIHFW
WKHJURXQGZDWHUG\QDPLFRIWKHZKROHV\VWHP
7RILQGRXWWKHPRVWVXLWDEOHVLWHIRUWKHSRWHQWLDOUHSRVLWRU\
GLIIHUHQW DVSHFWV DUH WDNHQ LQWR DFFRXQW7KH VLWHPXVW KDYH WKH
ULJKW H[WHQVLRQ WR DFFRPPRGDWH WKH UDGLRDFWLYH ZDVWH
)XUWKHUPRUH LW LV YHU\ LPSRUWDQW WKDW WKH VLWH LV IDU DZD\ IURP
ULYHUV\VWHPVDQGJUHDWHUIUDFWXUHVDQGWKHH[LVWHQFHRIDSKUHDWLF
GLYLGH LV H[SOLFLWO\ GHVLUHGZLWK UHVSHFW WR D VPDOO JURXQGZDWHU
UHFKDUJH
)XOILOOLQJ WKHVH FRQGLWLRQV DQG VSHFLI\LQJ D EXIIHU ]RQH RI
PWRWKHIUDFWXUHVLWEHFRPHVREYLRXVWKDWRQO\WKHSDUWLQWKH
VRXWKZHVWRIWKHLQYHVWLJDWHGDUHDFRPHVLQWRFRQVLGHUDWLRQIRUD
SRWHQWLDO UDGLRDFWLYH ZDVWH UHSRVLWRU\ :LWK UHJDUG WR WKH
ERXQGDU\ FRQGLWLRQ DQ DUHD RI DERXW  NP LV FKRVHQ IRU WKH
LQYHVWLJDWHG DUHD ,W LV FRQILQHG E\ IUDFWXUHV DV ZHOO DV WKH
SKUHDWLF GLYLGH 7KH H[SHFWHG ZDVWH YROXPH DQG WKH H[LVWLQJ
IUDFWXUHV GHWHUPLQH RQ WKH DUHD RI WKH SRWHQWLDO UHSRVLWRU\ VLWH
7KHUHIRUHWKHDUHDVHOHFWHGLVVL]HGDERXWNPKDYLQJRQHKDOI






























VXUIDFHZDWHU HIIHFWV IRU LPSOHPHQWDWLRQRI WKH IUDFWXUHV LQ WKH
PRGHO DVZHOO DV WR VLPSOLI\ WKH LPSOHPHQWDWLRQRI VLWHVSHFLILF
GDWD VR WKDW LW LV QRW QHFHVVDU\ WR DEVWUDFW WKHP D VHFRQG WLPH
7KXVWKHJHRORJLFDOPRGHOLVEDVHGDVIDUDVSRVVLEOHRQUHDOGDWD
7KLV LV D YHU\ LPSRUWDQW SRLQW EHFDXVH WKH DPRXQW RI GDWD
DYDLODEOH LV UDWKHU VSDUVH 7KH URFN LWVHOI LV PRGHOHG ZLWK D
SRURXVPHGLXPDSSURDFK)LQDOO\WKLVOHDGVWRDIUDFWXUHGSRURXV
PHGLXPPRGHO

























7KH SURGXFHG PRGHO KDV DQ DUHD RI DERXW  NP DQG D




7KH QH[W VWHS ZDV WR DVVLJQ WKH YDULRXV SDUDPHWHUV WR WKH




































7KH JURXQGZDWHU PRGHO ZLOO EH XVHG DV D EDVLV RI D WUDQVSRUW
PRGHOZKLFKDOORZVWRUHFRJQL]HWKHPDLQWUDQVSRUWSDWKZD\V,Q





7KH PRGHO ZLOO VHUYH DV D EDVLV IRU D ORQJWHUP VDIHW\
DQDO\VLV ZLWK UHJDUG WR UDGLRDFWLYH ZDVWH GLVSRVDO 7KHUHIRUH LW
KDVEHHQDOVRGHFLGHG WR WDNH LQWRDFFRXQW WKH LQIOXHQFHRIKHDW
RQWKHJURXQGZDWHUIORZ
6R WKH ZKROH LQYHVWLJDWLRQV ZLOO KHOS WR IRUPXODWH D
PHWKRGRORJ\IRUDGHWDLOHGVLWH LQYHVWLJDWLRQDQGVHOHFWLRQ IRUD







$QGHUVRQ (% /\XEWVHYD () 6DYRQHQNRY 9* 6KDEDOHY 6,
5RJR]LQ<X07KHSURSRVHGJHRORJLFUHSRVLWRU\VLWHDW
WKH1L]KQHNDQVN\JUDQLWRLGPDVVLIQHDU.UDVQRMDUVN5XVVLDWK






NRPSOH[HQ JHRORJLVFKHQ 8QWHUVXFKXQJHQ GHV 1L]KQHNDQVNHU
0DVVLYHV DOV%HJUQGXQJ IU GLH0|JOLFKNHLW VHLQHU1XW]XQJ
]XU(QGODJHUXQJYHUIHVWLJWHU UDGLRDNWLYHU$EIlOOH LQ5XVVLDQ
,Q 8QWHUVXFKXQJHQ GHU *UDQLWRLGH GHV 1L]KQHNDQVNHU



















$IWHU WKH K\GUDXOLF KHDG QHDU WKH WXQQHO IURQW ZDV VXIILFLHQWO\
ORZHUHGE\PHWHUVFRUUHVSRQGLQJWRDSUHVVXUHGHFUHDVHIURP
 WR  EDUPHDVXUHG DW WKH ERUHKROH FROODU K\GUDXOLF KHDG
SURILOHVSHUSHQGLFXODUWRWKHWXQQHOZHUHPHDVXUHGXVLQJDGRXEOH




WKH SUHVVXUH GHFUHDVH LQ WKH WHVW VHFWLRQ DIWHU RSHQLQJ WKH WHVW
VWULQJ YDOYH 7KH KHDG SURILOHV DORQJ WKH PRQLWRULQJ ERUHKROHV
LQGLFDWH WKH H[WHQW RI DTXLIHU KHWHURJHQHLW\ DQG WKH K\GUDXOLF
LQWHUFRQQHFWLYLW\ EHWZHHQ WUDQVPLVVLYH DTXLIHU ]RQHV ILJ
7UDQVPLVVLYLW\ 7 DQG FRQGXFWLYLW\ . YDOXHV ZHUH URXJKO\
HVWLPDWHGDVVXPLQJVWHDG\VWDWHIORZFRQGLWLRQVILJ7KH7.

























)DVW FURVVKROH SUHVVXUH UHVSRQVHV VXJJHVWHG D JRRG K\GUDXOLF
LQWHUFRQQHFWLRQ RI WKH WZR PDLQ IDXOW ]RQHV )= DQG )=
(YDOXDWHG KHDG GLVWULEXWLRQV DQG FRPSDULVRQ RI GUDZGRZQV LQ
VRPH RI WKH KRUL]RQWDO H[SORUDWRU\ ZHOOV VXJJHVWHG DQ DTXLIHU
FRPSRVHGRIVHSDUDWHGDQGLQVRPHFDVHVLVRODWHGUHVHUYRLUVVHH
ERUHKROH VHFWLRQ P RI .% LQ ILJ DQG WKH FRQFHSWXDO
PRGHORIILJ:LWKLQDWUDQVPLVVLYHDTXLIHUEORFN³KHDGVDUH
VLPLODU DQG GUDZGRZQ LV FRQWUROOHG PDLQO\ E\ WKH OLPLWHG
UHFKDUJHUDWH7KHWRSRIWKHKLJK.]RQHFDQEHORFDWHGURXJKO\
IURP WKH VKDSH RI WKH GUDZGRZQEXLOGXS FXUYHV 7KH VXGGHQ
IODWWHQLQJRI WKHGUDZGRZQVORSHILJ LQGLFDWHV WKH WUDQVLWLRQ
IURP FRQILQHG WR XQFRQILQHG DTXLIHU FRQGLWLRQV 7KH KHDG






)LJXUH  6FKHPDWLF VNHWFK SODQ YLHZ RI KLJKFRQGXFWLYLW\
IDXOW EUHFFLDV GLVORFDWHG E\ ODWH IUDFWXUHV $GMDFHQW URFN




)LJXUH  &RQFHSWXDO PRGHO FRPSULVLQJ KLJK. DTXLIHU
EORFNVFRQQHFWHGE\DODWHIUDFWXUHV\VWHPVHHDOVRILJ

3UHVVXUH UHVSRQVHV GXULQJ GUDZGRZQ WHVW ZHUH REVHUYHG










)XUWKHU WXQQHO DGYDQFH PXVW DFFRXQW IRU VHYHUDO WUDQVPLVVLYH
UHVHUYRLUOLNH IDXOW ]RQH DTXLIHUV RYHU VKRUW GLVWDQFHV 7KH
SUHVVXUH FRQGLWLRQV DFURVV WZR UHVHUYRLUV PD\ EH VLPLODU RU
GLIIHUHQW GHSHQGLQJ RQ WKH H[LVWHQFHFRQGLWLRQ RI K\GUDXOLFDOO\
FRQQHFWLQJ IHDWXUHV HJ ODWHUDO VXEIDXOWV([SORUDWRU\ GULOOLQJ
LQWKHGLUHFWLRQRIWXQQHODGYDQFHLVDQLPSRUWDQWPHDVXUHGXULQJ
IXUWKHU WXQQHOOLQJ LQ RUGHU WR SUHSDUH DSSURSULDWH H[FDYDWLRQ
WHFKQLTXHV 6LQFH GUDZGRZQ HIIHFWV WXUQHG RXW WR EH PRVWO\







5HLFKO , 0DPPHO 5 .HFK 0 3RVFKHU * )LVFK +5 
7HPSRUDU\DUWLILFLDOGUDZGRZQRIDMRLQWDTXLIHU7KLVYROXPH
5HLFKO ,:ROOPDUNHU 5 6WDGOHU* 6FKUHWWHU. (GHU 6 




]RQHV LQ WXQQHO FRQVWUXFWLRQ ±/RZHU ,QQ9DOOH\)HHGHU/LQH

















$ E V W U D F W 7XQQHOOLQJLQFU\VWDOOLQHURFNVRIWHQIDFHGLIILFXOWLHVUHODWHGWRWKHSUHVHQFHDQGIORZRIIUHHZDWHULQIUDFWXUHV7KH
NPORQJWXQQHORI0DXULHQQH$PELQZKLFKLVSODQQHGDWJUHDWGHSWKIRUDIXWXUHKLJKVSHHGUDLOZD\WRFURVVWKH)UDQFR,WDOLDQ$OSV
ZLOOPHHWDYHU\FRPSOH[JHRORJLFDODUFKLWHFWXUH)RUVHFXULW\DQGHFRQRP\RI WKLVSURMHFW LW LVHVVHQWLDO WRXQGHUVWDQGGHHSZDWHU
PRYHPHQWV$ ILUVW DFFHVVJDOOHU\ LVSUHVHQWO\XQGHUZRUN LQ WKH0RGDQHDUHD 6DYRLH ,W LVFURVVLQJ WZRPDLQ W\SHVRI IUDFWXUHG
URFNV TXDUW]LWH DQG PLFDVFKLVW ZLWK FRQWUDVWHG VWUXFWXUH DQG K\GURJHRORJ\ ,Q ERWK IRUPDWLRQV VWRFKDVWLF IUDFWXUH QHWZRUNV DUH
VLPXODWHGEDVHGRQERUHKROHGDWDDQDO\VLVLQRUGHUWRVWXG\WKHSRVVLEOHFRQQHFWLRQVEHWZHHQWKHPDLQFRQGXFWLYHIDXOWV7ZRPHWKRGV







'HHS WXQQHOV LQ DOSLQH UHJLRQV PD\ IDFH WR VHYHUH K\GUDXOLF
FRQGLWLRQV KLJKSUHVVXUHDQGIORZ*URXQGZDWHU LISUHVHQW LQ
ODUJH YROXPHV DQG FDSDEOH RI IUHHPRYHPHQW SUHVHQWV DPDMRU
KD]DUGLQWXQQHOOLQJ,QDGGLWLRQSHQHWUDWLRQE\JURXQGZDWHURI
PDQ\ NLQGV RI DOWHUHG RU FORVHO\ IUDFWXUHG URFNV SURPRWHV
VZHOOLQJGLVLQWHJUDWLRQRU OXEULFDWLRQ WKDWSURGXFHVFDSDELOLWLHV
LQ WKHVH URFNV RI VORZ WR YHU\ UDSLG PRYHPHQW LQWR D WXQQHO
RSHQLQJ JUHDWO\ LQFUHDVLQJ WKH GLIILFXOW\ RI WKH WXQQHOOLQJ
RSHUDWLRQ ,W LV HVVHQWLDO WKDW LQ SODQQLQJ IRU D WXQQHO HYHU\
DWWHPSWVKRXOGEHPDGHWRLGHQWLI\WKHORFDWLRQDQGVL]HRIERGLHV
RI XQGHUJURXQG ZDWHU ZKHWKHU FRQFHQWUDWHG LQ ILVVXUHV RU
GLVSHUVHGWKURXJKPDVVHVRISRURXVDQGSHUPHDEOHURFN
7KH $PELQ WXQQHO  NP IURP 6W-HDQ GH 0DXULHQQH
)UDQFH WR 6XVD ,WDO\ ZLOO EH WKH PDLQ QHZ VWUXFWXUH RI WKH
/\RQ7RULQR KLJK VSHHG UDLOZD\ OLQN SURMHFW ([FDYDWLRQ ZRUN
ZLOO VWDUW IURP WKH WZR KHDGV EXW DOVR IURP WKUHH LQWHUPHGLDWH
SRLQWV P WR PXQGHU WRSRJUDSKLF OHYHO DW WKH HQGVRI
WKUHHLQFOLQHGJDOOHULHV2QHRIWKHVHJDOOHULHVZKLFKZLOOEH
NP ORQJ LV SUHVHQWO\ XQGHU ZRUN LQ WKH0RGDQH DUHD 6DYRLH
)UDQFH,QWKLVDUHDDUHSODQQHGXQGHUJURXQGIL[WXUHVZKLFKDUH




WR WKH VXUIDFH /DWHU WR IRUHFDVW WKH GHZDWHULQJ IORZ UDWH LV
LPSRUWDQW IRU WKH H[SORLWDWLRQ RI WKH WXQQHO+HQFH IRU VHFXULW\
DQG HFRQRP\ RI WKLV SURMHFW LW LV HVVHQWLDO WR XQGHUVWDQG GHHS




RSHUDWLRQ LV YHU\ GLIILFXOW HVSHFLDOO\ LQ DUHDV RI FRQVLGHUDEOH
JHRORJLFDO FRPSOH[LW\ ,Q IUDFWXUHG URFNV GLIIXVLYLW\ DORQJ
K\GUDXOLFSDWKZD\VWKHUDWLRRIFRQGXFWLYLW\WRVWRUDWLYLW\YDULHV
FRQVLGHUDEO\ LQ VSDFH+HUHZH IRFXVRQ IUHHZDWHU RUZDWHURI
SHUFRODWLRQFDSDEOHRIPRYLQJDORQJRSHQILVVXUHVWKURXJKURFNV
XQGHU D K\GURVWDWLF KHDG VLQFH LW LV WKH FDXVH RI PRVW PDMRU







LV VWUXFWXUHG LQ SHHO WKUXVWV OLHV DERYH D PLFDVFKLVW XQLW
VWUXFWXUHG LQ RYHUIROGHG VWUDWD 7KH GHWDFKPHQW OHYHO
FRUUHVSRQGLQJ WR WKH 3HUPR7ULDVVLF WUDQVLWLRQ DOORZV IRU
VWUXFWXUDOLQGHSHQGHQFHEHWZHHQWKHVHWZRXQLWV
7KH WZR XQLWV ZHUH WRJHWKHU VXEMHFWHG WR D ODWH WHFWRQLF
VXFFHVVLYHO\ RI 16 H[WHQVLRQ RSHQLQJ RI WKH $UF YDOOH\
UHVXOWLQJLQDQRYHUDOOWLOWLQJRIWKHVWUXFWXUHVVRXWKZDUGV11:
66( FRPSUHVVLRQ ZKLFK PRGLILHG DJDLQ WKH GLSV RI PDLQ
VWUXFWXUHVDQGILQDOO\SUHVHQW(6(WHQVLRQVKHDU
7KH K\GURJHRORJLFDOPRGHO KDV EHHQ GHILQHG E\ FRPELQLQJ




RI DPSOLWXGH RI VHLVPLF DUULYDOV DOORZHG WR GHWHFW WUDSSHG KLJK
SUHVVXUH ZDWHU 7KUHH W\SHV RI DTXLIHU KDYH EHHQ UHFRJQLVHG
0RQLQ  D VXSHUILFLDO DTXLIHU ZLWK UDSLG ZDWHU IORZV D
PLGGOHDTXLIHUZKHUHZDWHUIORZVVORZHUZLWKGHSWKDQGDGHHS
RQH ZKHUH PLQHUDOLVHG ZDWHU LV WUDSSHG DORQJ 1(6: IDXOWV
VSDFHGDERXWP
,Q WKH TXDUW]LWH IRUPDWLRQ VRPH ERUHKROHV VKRZHG
K\GURFKHPLFDOHYLGHQFHRIIORZVLQIUDFWXUHVFRQQHFWLQJZLWKWKH
HDUWK¶VVXUIDFHDQGIHGE\ZDWHUIURPVWUHDPVRUVWDQGLQJERGLHV
RI ZDWHU 1HDU WR WKH ZHVW HQG RI WKH JDOOHU\ WKUHH ERUHKROHV
H[KLELW VRPH LQWHUIHUHQFH LQ ZDWHU KHDG YDULDWLRQV 7KXV WKH











WR WKH ZDWHU LQIORZ KD]DUG GXULQJ XQGHUJURXQG ZRUNV 7KH
GLIILFXOW\UHVLGHVLQWKHH[WUDSRODWLRQRISXQFWXDOGDWDWRWKHVFDOH
RI D FRPSOH[O\ GHIRUPHG URFN PDVV 2XU PRGHO HPSOR\V D
VWRFKDVWLFDQGGLVFUHWHIUDFWXUHQHWZRUNDSSURDFKVHH)RXFKpHW






RQ VWHUHRSORWV RI DFWXDO IUDFWXUH RULHQWDWLRQV PHDVXUHG LQ WKUHH
GHHSERUHKROHV

$ JHRPHWULFPRGHO RI WKH QHWZRUN LV FRQVWUXFWHG XVLQJ WKH
)UDFD VRIWZDUH KWWSZZZEHLFLSFRP ZKLFK KRQRXUV WKH
REVHUYHG IUDFWXUH LQWHQVLW\ DQG RULHQWDWLRQ GLVWULEXWLRQV ZLWK







7KH WUDQVPLVVLYLW\ ZDV PHDVXUHG RQO\ LQ VRPH KLJKO\
WUDQVPLVVLYH ]RQHV GXULQJ VKRUWGXUDWLRQ VLQJOH ERUHKROH WHVWV
DQG FRQVHTXHQWO\ GLG QRW LQYHVWLJDWH D ODUJH YROXPH RI URFN
7KHVH UHVXOWV JLYH D PD[LPXP YDOXH IRU ORFDO IUDFWXUH
WUDQVPLVVLYLW\ 7KLV SDUDPHWHU LV VXSSRVHG WR WDNH DQ\ ORZHU
YDOXHDFFRUGLQJWRDSUREDELOLW\GLVWULEXWLRQZKLFKLVOLNHO\WREH
RI ORJQRUPDO W\SH EXW SRRUO\ FRQVWUDLQHG:H VXSSRVH WKDW DOO





)LJXUH  +RUL]RQWDO ' YLHZ VRXWKZHVWZDUGV LQ WKH
PLFDVFKLVWV ODUJH DQG GDUN SODQHV DUH 1(6: FRQGXFWLYH
IDXOWVKXQGUHGVRIPHWHUV LQVL]HDQGTXLWHUHJXODUO\VSDFHG
DERXW  P WKDW FRXOG EH FRQQHFWHG E\ VRPH WUDQVYHUVDO
UDQGRP IUDFWXUHV 2QO\ DUH GLVSOD\HG OLJKW FRORXUV WKH






7KH HTXLYDOHQW SHUPHDELOLW\ LQ ORFDO FHOOV RI WKH IUDFWXUHG URFN
PDVV DQG WKH PDWUL[ EORFN GLPHQVLRQV RI DQ HTXLYDOHQW
KRPRJHQHRXVPRGHOFDQQRWEHHDVLO\GHULYHGIURPREVHUYDWLRQ
$VDILUVWPHWKRGDWHQVRURIHTXLYDOHQWIUDFWXUHSHUPHDELOLW\
LV GHULYHG IURP VLQJOHSKDVH VWHDG\VWDWH IORZ FRPSXWDWLRQV RQ
WKH DFWXDO IUDFWXUH QHWZRUN XVLQJ D ' UHVLVWRU QHWZRUN DV
GHVFULEHGLQ%RXUELDX[HWDO




ULJRURXVO\ GHWHUPLQHG :H IROORZ D QHZ PHWKRG IRU GHULYLQJ
WKHVH TXDQWLWLHV LQ D KHWHURJHQHRXV SHUPHDEOH EORFN IURP
SUHVVXUHDQGIOX[YDOXHVRQWKHERXQGDU\RIWKHEORFN%DVHGRQ




7KLV GRXEOH DSSURDFK EDVHG RQ H[SOLFLW DQG KRPRJHQLVHG
IUDFWXUH QHWZRUN VKRXOG OHDG WR D EHWWHU XQGHUVWDQGLQJ RI WKH
K\GUDXOLFEHKDYLRXURIWKHURFNPDVVHVDURXQGWKHWXQQHODQGWRD








LQWR D GXDOSRURVLW\ PRGHO 5HYXH GH O¶,QVWLWXW IUDQoDLV GX
3pWUROH
)DEUH ' *R\ / 0HQDUG * %XUOHW '  7HPSpUDWXUH HW
FRQWUDLQWHV GDQV OHV PDVVLIV URFKHX[ FDV GX SURMHW GH WXQQHO
0DXULHQQH$PELQ7XQQHOVHW2XYUDJHV6RXWHUUDLQV
)RXFKp 2 $OIRQVL 3 &KDQWURQ / 'XUYLOOH -/  'HV
IRUDJHVjODVLPXODWLRQPpFDQLTXHGHVPDVVLIVURFKHX[O¶DSSRUW
G¶XQH DSSURFKHSUREDELOLVWH 'GHV UpVHDX[GHGLVFRQWLQXLWpV
,Q 2SWLPLVDWLRQ GH O¶LQVHUWLRQ GHV RXYUDJHV GDQV OH VRO HW OH
VRXVVRO$FWHVGHV-RXUQpHVQDWLRQDOHVGH*pRWHFKQLTXHHWGH
*pRORJLHGHO¶,QJpQLHXU1DQF\)UDQFH2FW&'5RP
)RXFKp 2 &RMHDQ 5 $UQRXOG 0  &DUDFWpULVDWLRQ








0RQLQ 1  &DUDFWpULVDWLRQ SDU VLVPLTXH GH SXLWV G¶XQ
DTXLIqUHSURIRQGFDVGHOD]RQHGHVDPpQDJHPHQWVVRXWHUUDLQV
GH 0RGDQH WXQQHO GH EDVH OLDLVRQ IHUURYLDLUH /\RQ7XULQ
3K'8QLYHUVLWpGH6DYRLHSSDQQH[HV
3RX\D $ &RXUWRLV $  'pILQLWLRQ GH OD SHUPpDELOLWp


































WKH ZDWHU UDUHO\ FDQ UHWXUQ WR LWV RULJLQDO FRQGLWLRQV DQG
FLUFXODWLRQ SDWK:DWHU OHYHO UHFRYHU\ DIWHU H[SORLWDWLRQ FDXVHV
GLIIHUHQW SUREOHPV FRQFHUQLQJ WKH VWDELOLW\ RI XQGHUJURXQG
RSHQLQJVEXWHVSHFLDOO\WKHHQYLURQPHQWDQGWKHUHFRQVWLWXWLRQRI
JURXQGZDWHU UHVRXUFHV ,I QR DFLG GUDLQDJH LV SURGXFHG WKH
SUHVHQFH RI WR[LF HOHPHQWV PHWDOV RU VDOWV FRXOG H[FOXGH WKH
XQFRQWUROOHGGLVFKDUJHRIWKHVHZDWHUVDQGWKHLUXVHIRUGLIIHUHQW
SXUSRVHV $W WKH VDPH WLPH WKH UHFRYHU\ DQG UHXWLOLVDWLRQ RI




LQ (XURSH IRU WKH H[WUDFWLRQ RI S\ULWH XVHG PDLQO\ LQ WKH
FKHPLFDOLQGXVWU\DQGLWKDGLWVPDMRUGHYHORSPHQWSHULRGLQWKH
¶V DQG FORVHG GRZQ LQ  $W SUHVHQW VRPH RI WKH
GULIWVDQGOLIWV\VWHPVDUHLQSHUIHFWZRUNLQJRUGHULQWKHFHQWUDO
SDUWRIWKHPLQH5RPDDQG,PSHURVKDIWVXSWRDGHSWKRI
PEVO RYHU P IURP WKH VXUIDFH$OO RWKHU HQWUDQFHV DQG
VKDIWVKDYHEHHQFORVHGIRUWKHGHZDWHULQJDQGVDIHW\RSHUDWLRQV







ZLWKLQ WKH 0HWDOOLIHURXV +LOOV &ROOLQH 0HWDOOLIHUH D IHZ
NLORPHWUHVIURPWKH7K\UUHQLDQVHD
7\SLFDO RI WKLV WHFWRQLF SURYLQFH DUH LQWUXVLYH ERGLHV ZLWK
GHFUHDVLQJ DJH IURP ZHVW  0\ WR HDVW  0\ ZKLFK
HPSODFHPHQW ZDV IROORZLQJ E\ PRUH H[WHQVLRQ 7KH 7XVFDQ
JHRORJLFDO VHULHV 7ULDVVLF2OLJRFHQH LV RYHUODLG E\ WKH 6XE
/LJXULDQDQG/LJXULDQ8QLWV7KH7XVFDQVHULHVRXWFURSVHQWLUHO\
LQ WKH*DYRUUDQR DUHD WRJHWKHUZLWK D 3OLRFHQH 0\
TXDUW]PRQ]RQLWLF LQWUXVLRQ RULHQWHG 11:66( 7KH
VHGLPHQWDU\ VHTXHQFH LV PDLQO\ UHSUHVHQWHG E\ WKH &DOFDUH
&DYHUQRVR D EUHFFLDWHG DQG NDUVWLILHG OLPHVWRQH 1RULF 7KH
&DYHUQRVR DSSHDUV SDUWLDOO\PHWDPRUSKRVHG DW WKH FRQWDFWZLWK
WKH LQWUXVLRQ FRYHUHG E\ WKH $YLFXOD OLPHVWRQH GRORPLWLF
OLPHVWRQH DQG PDUO 5KDHWLF 7KH /LDVVLF &DOFDUH 0DVVLFFLR
IROORZV LQ WKH VHULHV ZLWK PDVVLYH OLPHVWRQH DQG D SHFXOLDU
EUHFFLDWHGIDFLHV
7KHS\ULWLFRUHZDVFXOWLYDWHGLQOHQVHVRUPDVVHVRILUUHJXODU






















WZRQRUPDO IDXOWV WR WKHHDVWHUQ GLSDQG WKHZHVWHUQVLGHV




RI WKH JHRORJLFDO IRUPDWLRQ KDV EHHQ GRQH E\ FRQVLGHULQJ WKH
REVHUYHG OLWKRORJ\ WKH GHJUHH RI IUDFWXULQJ WKH GHJUHH RI
ZHDWKHULQJDQGDOWHUDWLRQWKHSUHVHQFHRINDUVWLFVWUXFWXUHVERWK
DW WKH VXUIDFH DQG ZLWKLQ PLQH GULIWV *HRPHFKDQLFDO DQDO\VHV
DQGLQILOWUDWLRQWHVWVZHUHFDUULHGRXWLQVRPHUHSUHVHQWDWLYHVLWHV
7KH FRHIILFLHQW RI SRWHQWLDO LQILOWUDWLRQ IRU WKH FDUERQDWH URFNV
KDYHEHHQHVWLPDWHGZLWKLQWKHUDQJHIURPWR/V.PDVD
IXQFWLRQ RI WKH LQFUHDVH LQ IUDFWXULQJ DQGNDUVW FRQGXLWV/RZHU
YDOXHVRI WKHFRHIILFLHQW FDQEHDWWULEXWHG WR WKH LQWUXVLYH URFNV
FKDQJLQJZLWK WKH GHJUHH RI IUDFWXULQJ DQGZHDWKHULQJ DQG WR
WKH IO\VFKV$YHUDJH DQQXDO UDLQIDOO LQ WKH DUHD DPRXQWV WR 
PPZLWKDQDYHUDJHHYDSRWUDQVSLUDWLRQRIPP\7KHUDLQ\
VHDVRQODVWVIURP2FWREHUWR)HEUXDU\ZLWKWKHPD[LPXPDYHUDJH
PRQWKO\ UDLQIDOO LQ 1RYHPEHU  PP DQG YHU\ ORZ
SUHFLSLWDWLRQ LQ VXPPHU PP LQ -XO\$ ILQDO FRQVLGHUDWLRQ
FRQFHUQVWKHHYHQWXDOSHUPDQHQWFKDQJHVLQK\GUDXOLFSURSHUWLHV
FRQGXFWLYLW\ DQG WUDQVPLVVLYLW\ GXH WR PLQLQJ $Q XVHIXO







LQ WKH ,PSHUR6KDIW DQG WKH5RPDVKDIW UHVSHFWLYHO\DQGDQHZ


SXPSLQJ SRLQW 5LJRORFFLR VKDIW  $ GHHS ERUHKROH ZDV
UHFHQWO\ GULOOHG WR LQFUHDVH WKH PRQLWRULQJ V\VWHP RI WKH ZDWHU
OHYHOV ZKHUH WKH SLH]RPHWHUV DUH WRR QHDU WKH VXUIDFH DQG WR
LGHQWLI\ WKH OLWKRORJLFDO DQG PHFKDQLFDO FKDUDFWHULVWLFV RI WKH
WHUUDLQVQHDU WKH%DJQLGL*DYRUUDQR9LOODJH7KH UHVXOWVRI WKH
PHFKDQLFDOVRXQGLQJVDUHLQFRQWUDVWZLWKSUHYLRXVJHRVWUXFWXUDO
DQDO\VHV DQG WKH JHRSK\VLFDO UHVXOWV EHFDXVH RI FDYHUQRXV
OLPHVWRQHLVOHVVSHUPHDEOHWKDQHOVHZKHUHZLWKIHZDQGFORVHG
ILVVXUHV IHZ FDYLWLHV HYHQ WKRXJK VFDUFH LQ J\SVXP OHYHOV
+RZHYHUWKHSRVVLELOLW\RIORFDODQGLPSRUWDQWIUDFWXUHVRUVPDOO
IDXOWV LVQRW WREHH[FOXGHG0RUH LQIRUPDWLRQZLOOEHFROOHFWHG
E\JHRHOHWULFRUE\QHZVRXQGLQJVLQRUGHUWRVHWXSDPRQLWRULQJ
V\VWHP )RU DOO WKHVH UHDVRQV WRR EHIRUH FDUU\LQJ RXW IXUWKHU
GULOOLQJV LW ZDV GHFLGHG WR UHRSHQ D VKDIW QHDU 5LJRORFFLR LQ
RUGHU WR UHDFK WKH WXQQHO XS WR ±PEVOZKLFK FRQQHFWHG
WKH5LJRORFFLRPLQHZLWK WKH*DYRUUDQR RQH 5RPD VKDIW DQG
WKHQLQWHUFHSWWKHZDWHUVDQDO\]HWKHPDQGLQVWDOODQHZSXPSLQJ
V\VWHP $Q LQLWLDO DQDO\VLV KDV VKRZQ WKDW WKLV RSHUDWLRQ FRXOG
SURGXFH JRRG UHVXOWV QRW RQO\ IRU WKH FRQWURO DQG WKH VDIHW\RI
WKHZDWHUULVLQJRSHUDWLRQVEXWDOVRIRUWKHVHSDUDWLRQDOEHLWQRW
WRWDO RI WKH KRW DQG FROG ZDWHUV LQILOWUDWHG LQ 0W &DOYR
OLPHVWRQHV
*URXQGZDWHU OHYHO UHERXQG FDQEHXQGHUVWRRG VWDUWLQJ IURP




SUHVHQW D VXUIDFH FLUFXODWLRQ GXH WR WKH LQILOWUDWLRQ LQ IUDFWXUHG
DQGNDUVWILHGFDUERQDWLFURFNVDQGDGHHSFLUFXODWLRQRIWKHUPDO




 /V ZLWK H[FHSWLRQ IRU WZR SHULRGV RI KHDY\ UDLQIDOO 7KLV
DOORZHG WKH VWRUDJH RI DERXW  P RI ZDWHU &URVWD DQG
*DU]RQLR  %\PHDQV RI WKH GDWD UHFRUGHG GXULQJ WKH WZR
SKDVHVRILQFUHDVHGGLVFKDUJHLWKDVEHHQSRVVLEOHWR
SHUIRUPD UHFHVVLRQDQDO\VLVZKLFKJLYHVXV DJRRG LQVLJKW LQWR
WKH DTXLIHU VWUXFWXUH $FFRUGLQJ WR WKH UHFHVVLRQ DQDO\VLV WKH
DYHUDJHZDWHU UHVRXUFHV WKDWDUH UHQHZHG\HDUO\DPRXQWV WR
0P RU  /V 7KHVH YDOXHV DUH TXLWH FRPSDUDEOH ZLWK WKH
DYHUDJH\HDUO\SXPSGLVFKDUJH/VRU0P)LQDOO\E\
FRPSDULQJ WKHVH GDWD ZLWK WKRVH REWDLQHG E\ WKH HIIHFWLYH
LQILOWUDWLRQDQDO\VLV0PLWUHVXOWVWKDW\HDUO\DOPRVW0P
RI KRW ZDWHU LV UHJXUODUO\ IORZLQJ IURP WKH GHHS FLUFXODWLRQ
V\VWHP LQWR WKH PLQH )XUWKHUPRUH EHFDXVH RI WKH DOPRVW
FRQVWDQWWHPSHUDWXUHRIWKHSXPSHGZDWHULWFDQEHDVVXPHGWKDW
WKH KRW ZDWHU GLVFKDUJH JURZV WRJHWKHU ZLWK WKH IUHVK NDUVWLF




$ IXUWKHU VHULHV RI VDPSOLQJVZDV SHUIRUPHG RYHU WKH ODVW IRXU
\HDUV WRFRPSOHWH WKHGDWDVHWDOUHDG\DYDLODEOH ,QSDUWLFXODU LQ
  DQG )HEUXDU\  VRPH QHZ ZDWHU VDPSOLQJ
FDPSDLJQVZHUHFDUULHGRXWWRYHULI\WKHSRVVLELOLW\RIDYDULDWLRQ
LQWKHFKHPLVWU\RIWKHSXPSHGZDWHUDIWHUWKHVHWWLQJXSRIWKH
QHZ SXPSLQJ V\VWHP LQ 5LJRORFFLR VKDIW  7KH PLQH ZDWHU
VDPSOHV FDQ EH FOHDUO\ GLYLGHG LQWR WZR PDLQ JURXSV
³VXSHUILFLDO´ ELFDUERQDWH ZDWHUV IURP OHYHOV  P DVO
P0J&DP&D0J+&2DQGGHHSVXOSKDWHZDWHUV
&D0J62  P EVO  P  P  P 7KLV
JURXSLQJFDQEHGRQHRQWKHEDVLVRIWKHVXOSKDWHIURPVXOSKLGH
R[LGDWLRQDQGHYDSRULWHVVROXWLRQLURQDQGVLOLFDFRQWHQWVDQGLW
LV DOVR VXJJHVWHG E\ WKH IHZ WHPSHUDWXUH GDWD HYHQ LI PRUH
TXDOLWDWLYHREVHUYDWLRQVZHUHPDGH,QIDFWE\ILWWLQJWHPSHUDWXUH
PHDVXUHPHQWV H[FOXGLQJ VDPSOHV WDNHQ DW WKH RXWOHW RI WKH
GUDLQDJH WXQQHO  NP ORQJ D JHRWKHUPDO JUDGLHQW RI DERXW
& NPZDV REWDLQHG LQ DJUHHPHQWZLWK%DOGL HW DO 
$OO WKH RWKHU VDPSOHG ZDWHUV JHQHUDOO\ SUHVHQWHG YDOXHV MXVW D
OLWWOH RYHU QHXWUDO  0LQH GUDLQDJH LV FKDUDFWHULVHG E\ DQ
DYHUDJH WHPSHUDWXUH RI & D  WR  S+ YDOXH SUREDEO\ DV D




0LQHZDWHUVZHUH DQDO\VHG LQ WKUHH GLIIHUHQW FDPSDLJQV 




WKH + YV 2 SORW ILJ LW LV REVHUYDEOH WKDW GDWD SRLQWV DUH
DOLJQHG DQG OD\ ZLWKLQ WKH LQWHUYDO GHOLPLWHG E\ WKH VWDQGDUG
ZRUOGSUHFLSLWDWLRQ OLQH  + 2DQG WKRVHSUHVHQWHG
E\ =XSSL  +   2 DQG E\ RWKHU DXWKRUV IRU WKH
7K\UUHQLDQDQG0HGLWHUUDQHDQUHJLRQV+HQFHZDWHUVGRQµWVKRZ
DQ\ IUDFWLRQDWLRQ RI LVRWRSHV DV RFFXUULQJ IRU JHRWKHUPDO IOXLGV
DQG DUH FRPSDUDEOH ZLWK WKRVH RI WKH UHJLRQDO UHFKDUJH
VXJJHVWLQJKRPRJHQLVDWLRQGXH WR WKHOHQJWKRI WKHIORZSDWKLQ
WKHIUDFWXUHGURFNV7KHVDPSOHWDNHQIURPWKHVWDODFWLWHVKRZD
VOLJKWO\ KLJKHU 2 FRQWHQWV DQG IRU WKLV UHDVRQ LW FRXOG EH
FRQVLGHUHGDGHHSZDWHURQWKHFRQWUDU\RIWKHRWKHUWZRVDPSOHV
7KH7ULWLXPFRQWHQWLVTXLWHFRQVWDQWDQGWKLVFRXOGEHWKHUHVXOW
RI D ORQJ FLUFXODWLRQ WLPH RU RI D YHU\ VKRUW RQH 3UHYLRXV
FRQVLGHUDWLRQV DERXW + DQG 2 FRQWHQWV ZDWHU FKHPLVWU\ DQG
VRPHSXEOLVKHGUHVHDUFKHVPDNHPRUHSUREDEOHDUHVLGHQFHWLPH
RI DERXW  \HDUV RU PRUH 7KH FRQWULEXWLRQ RI PRUH VXUILFLDO
ZDWHUVFDQWKHQEHUHDGE\WKHLQFUHDVHRIWULWLXPFRQWHQWLQWKH
GUDLQDJH VDPSOHV 7KH LVRWRSLF FRPSRVLWLRQ RI WKH WRWDO VROXWH
FDUERQ LV RQH PRUH VWHS LQ WKH GHILQLWLRQ RI WKH VWDWH RI ZDWHU
HTXLOLEULXP$JDLQWKHRWKHUWZRVDPSOHDUHFKDUDFWHULVHGE\D
GLIIHUHQW WUHQG VXJJHVWLQJ PL[LQJ RI GLIIHUHQW ZDWHUV GUDLQDJH
ZDWHUDWPDQGDVXUILFLDOFRQWDPLQDWLRQGUDLQDJHWXQQHO
7KH HTXLOLEULXP RI GHHSZDWHUV LV DOVR VXJJHVWHG E\ WKH RYHU 

































































$ E V W U D F W   7KHFRQVHTXHQFHVRIJURXQGZDWHUOHDNDJHDIWHUWXQQHOFRQVWUXFWLRQLQFOXGHHIIHFWVRQIRXQGDWLRQVJURXQGZDWHUVXSSO\
ZHOOVODNHVDQGYHJHWDWLRQ7KHYXOQHUDELOLW\GHSHQGVRQDFRPELQDWLRQRIORFDOJHRORJ\K\GURORJ\DQGYHJHWDWLRQ7KHDPRXQWRI
DFFHSWHGOHDNDJHFDQWRDFHUWDLQH[WHQWEHHYDOXDWHGIURPWKHZDWHUEDODQFHHTXDWLRQDQGDVLWHVXUYH\RQVLWHYXOQHUDELOLW\H[LVWLQJ
GUDLQDJHZHWODQGYHJHWDWLRQ WRSRJUDSK\DQGTXDWHUQDU\GHSRVLWV7KLVSDSHUSUHVHQWV WKHH[SHULHQFHVIURPDVHOHFWLRQRI WXQQHOV
H[FDYDWHG LQ1RUZD\GXULQJ WKH ODVW\HDUV([DPSOHVRIGDPDJH WRQDWXUHDUHJLYHQ ,QWXQQHOVFRQVWUXFWHGGXULQJWKHODVW






1RUZD\ LV SUREDEO\ RQH RI WKH FRXQWULHV ZLWK KLJKHVW
FRQVWUXFWLRQ RI WXQQHOV FRPSDUHG WR WKH SRSXODWLRQ 7KHUH LV D
ORQJWUDGLWLRQLQFRQVWUXFWLRQRIWXQQHOVIRUK\GURSRZHUSODQWVDV
ZHOO DV IRU URDGV DQG UDLOURDGV 7KH ILUVW VXEZD\ RI 2VOR
FRQVWUXFWHGPRUH WKDQ\HDUV DJR FDXVHG VHYHUHGDPDJHVRI
VHYHUDO KRXVHV IRXQGHG RQ FOD\ $IWHU WKDW WKHUH KDV EHHQ
DZDUHQHVVIRUWKHFRQVHTXHQFHVRIWXQQHOGUDLQDJHLQXUEDQDUHDV
7KHUH KDV KRZHYHU EHHQ OLWWOH DWWHQWLRQ WR RWKHU W\SH RI
GDPDJH DV UHGXFHG JURXQGZDWHU VXSSO\ IURP ORFDO ZHOOV DQG
GDPDJHV WR QDWXUDO KDELWDWV ,Q VRPH UHJLRQV IDLUO\ ODUJH
FRQVHTXHQFHV RI WXQQHOV FDQ EH VHHQ 'UDLQDJH SDWWHUQV DERYH
ZDWHU WUDQVSRUW WXQQHOV IRU K\GURSRZHU SODQWV LQ 9LQMH
PXQLFLSDOLW\ LQ 6RXWKHUQ 1RUZD\ ZDV PDSSHG LQ WKH ODWH
VHYHQWLHV6DPXHOVHQDIHZ\HDUVDIWHUWKHFRQVWUXFWLRQRI
WKH WXQQHOV 7RGD\ WKH DUHD KDV FKDQJHG SHUPDQHQWO\ WR D G\HU
ODQGVFDSH $QRWKHU GDPDJH ZDV FDXVHG E\ D GULQNLQJ ZDWHU




'XULQJ WKH QH[W  \HDUV WKH SXELF DZDUHQHVV RI WKH QDWXUH




V UHVHUYH GULQNLQJ ZDWHU UHVHUYRLUV /DNH /XWYDQQ
ZDVDOVR WHPSRUDULO\ ORZHUHG7KLVFDXVHGDQXQIRUHVHHQSXEOLF
UHDFWLRQDQGKXJHHIIRUWVDQGDORWRIPRQH\KDGWREHVSHQWVWRS
WKH LQIORZ RI ZDWHU $IWHU WKLV LQFLGHQW WKRURXJKO\ SUH
LQYHVWLJDWLRQVKDYHEHHQFDUULHGRXWIRUDOPRVWDOOWXQQHOSURMHFWV




2QH RI WKH LPSRUWDQW WDVNV IRU WKH SUHLQYHVWLJDWLRQV LV WR
SUHGLFW WKH DFFHSWDEOH DPRXQW RI OHDNDJH WR WKH WXQQHO
*HRORJLFDO K\GURORJLFDO DQG ELRORJLFDO IDFWRUV KDYH WR EH
FRQVLGHUHG WR HYDOXDWH WKLV LVVXH 7KH REMHFWLYH RI WKH ZRUN







3UHFDPEULDQ EDVHPHQW &DOHGRQLDQ WKUXVW QDSSHV &DPEUR
6LOXULDQ VHGLPHQWDU\ URFNV DQG3HUPLDQ LQWUXVLYHDQGH[WUXVLYH
URFNV $OO WKHVH DUH FU\VWDOOLQH URFNV PDLQO\ ZLWKRXW SULPDU\
SRURVLW\ +RZHYHU DV IDU DV OHDNDJH WR WXQQHOV FRQFHUQV WKHLU
K\GURJHRORJLFDOFKDUDFWHULVWLFVYDU\ZLGHO\
,Q3UHFDPEULDQURFNVWKHIUDFWXUHV\VWHPVVHHPVWREHFUXFLDO
IRU ERWK ZDWHU OHDNDJH DV ZHOO DV VHYHUDO RWKHU H[FDYDWLRQ
SUREOHPV /DUJH ZDWHU LQIORZV IURP FHUWDLQ IUDFWXUHV DUH
H[SHULHQFHG LQ WXQQHOV HYHQ DW GHSWKV VHYHUDO KXQGUHG PHWHUV
EHORZ WKH VXUIDFH 7KH SURJUHVV RI WKH 5RPHULNVSRUWHQ WXQQHO
ZDVDOPRVWVWRSSHGEHFDXVHRIDQLQIORZRIZDWHUIURPIUDFWXUH
V\VWHPV ZHOO NQRZQ WR EH YHU\ SHUPHDEOH :H KDYH OHVV
H[SHULHQFH IURP WXQQHOV LQ &DPEUR6LOXULDQ VHGLPHQWDU\ URFNV
EXWIUDFWXUHVZLWKKLJKZDWHUFRQGXFWLQJFDSDFLW\VHHPWREHOHVV
FRPPRQ
7XQQHOOLQJ LQ WKH 3HUPLDQ2VOR5HJLRQ KDVPHW D VHULHV RI
SUREOHPV LQ FRQQHFWLRQ ZLWK ZDWHU LQIORZV IRUP YROFDQLF
H[WUXVLYH URFNV ZLWK LQWHUEHGGHG VHGLPHQWV '\NHV RI LQWUXVLYH
URFNV FDXVH HYHQ ODUJHU ZDWHU SUREOHPV 7KHUH DUH VHYHUDO
UHPQDQWVRI3HUPLDQFDXOGURQVLQWKH2VORUHJLRQDQGLQVSLWHRI
WKHLU DJH WKH ULQJG\NHV RIWHQV\HQLWHVRI WKHVH VWUXFWXUHV FDQ
FDXVH ODUJH LQIORZV RI ZDWHU $ QHZ WXQQHO IRU WKH 1RUZHJLDQ
KLJKZD\ 59  ZDV H[FDYDWHG DIWHU TXLWH WKRURXJKO\ SUH
LQYHVWLJDWLRQV3DUWRI WKH WXQQHOZDVGULYHQ LQ&DPEUR6LOXULDQ
URFNVZLWKRXWDQ\SUREOHPV7KHH[FDYDWLRQLQ3HUPLDQODYDVDQG
WKH FHQWUDO SOXWRQ RI D FDXOGURQ UHPQDQW FDXVHGZDWHU OHDNDJH
EXW QR PRUH WKDQ FRXOG EH KDQGOHG +RZHYHU ZKHQ WKH
H[FDYDWLRQ UHDFKHG WKH ERUGHU RI WKH FDXOGURQ WKH\ SUREDEO\
EXUVWLQWRDVPDOOSDUWRIWKHSULPDU\ULQJG\NHDQGWKHZDWHUIOHZ
LQDWDUDWHRIPRUHWKDQPSHUPLQXWH
3DUWV RI 1RUZD\ ZHUH LQXQGDWHG DIWHU WKH ODVW LFH DJH DQG
VRPHORZOD\LQJDUHDVDUHQRZFRYHUHGZLWKPDULQHFOD\VRIORZ
SHUPHDELOLW\7KHVHFOD\VPD\VHDO WKHIUDFWXUHV LQ WKHEHGURFN
DQGSDUWO\SUHYHQWOHDNDJHVIURPODNHVDQGULYHUVWRWXQQHOV
,QPLUHV SHDW ODQGV ORZHULQJ RI WKHZDWHU WDEOH FDQ FDXVH
LUUHYHUVLEOH VHWWOHPHQWV3HDW IRUPDWLRQVSDUWO\ IORDWLQJRQ ODNHV
DQGJURXQGZDWHUIHGIHQVDUHDVDUHPRVWYXOQHUDEOH7KHGUDLQDJH
RIWKHVPDOOODNHDERYHWKH5RPHULNVSRUWHQWXQQHODOVRFDXVHGD





GHSRVLWV RIWHQ GHOD\ GUDLQDJH WR JURXQGZDWHU UHVHUYRLUV LQ WKH




/HDNDJH WR D WXQQHO FKDQJHV WKH JURXQGZDWHU IORZ DERYH WKH





JURZWK DQG FKDQJHV LQ WKH IDXQD WR OHVV PRLVWXUH DQG
JURXQGZDWHUGHPDQGLQJVSHFLHV
*HQHUDOZDWHUEDODQFHHTXDWLRQVDUH
3 (4, , 6:*:/7 
3  SUHFLSLWDWLRQ 6:   UXQRIIWRZDWHUFRXUVHV
(  HYDSRWUDQVSLUDWLRQ *:   SHUFRODWLRQWR
4  VXUIDFHUXQRII   GHHSJURXQGZDWHU
,  SHUFRODWLRQ /7   OHDNDJHWRWKHWXQQHO
 
/HDNDJH WR WXQQHOV RIWHQ LQFUHDVHV WKH K\GUDXOLF JUDGLHQW
UHVXOWLQJ LQ D SRWHQWLDO LQFUHDVHG SHUFRODWLRQ IURP WUDGLWLRQDO
GLVFKDUJH ]RQHV DV ERJV DQG VPDOO SRQGV WR WKH JURXQGZDWHU
UHVHUYRLU 7KH UHVXOW ZLOO EH UHGXFHG VXUIDFH UXQ RII DQG
VRPHWLPHVUHGXFHGKXPLGLW\LQWKHVRLO
7KH K\GURORJLFDO FRQVHTXHQFHV RI GUDLQDJH WR D WXQQHO DUH
LQIOXHQFHGE\VHYHUDOFRQGLWLRQV





x ([LVWLQJ VRLO PRLVWXUH VWRUDJH DQG SODQW PRLVWXUH
UHTXLUHPHQW GXULQJ GURXJKWV WKH SODQW URRWV SRVVLELOLW\ WR
UHDFKWKHJURXQGZDWHURUWKHFDSLOODU\]RQHEHIRUHDQGDIWHU
WKHGUDLQDJH




OHDNDJH SDUWO\ FKDQJHG WKLV YLHZ 7DE SUHVHQWV WKH SUREDEOH







7KHFRQVHTXHQFHVRIGUDLQDJH WRD WXQQHOGHSHQGRQ WKHQDWXUDO
VHOHFWLRQRISODQWVDQGDQLPDOV9HJHWDWLRQZLWKVKDOORZURRWVLV
FRPPRQO\QRWLQIOXHQFHGXQOHVVWKHJURXQGZDWHUOHYHOLVQHDUWKH
VRLO VXUIDFH 2Q WKH RWKHU KDQG VRPH PLUH YHJHWDWLRQ WRWDOO\





'UDLQDJH RI DJULFXOWXUDO DUHDV PD\ FDXVH HFRQRPLFDO
FRQVHTXHQFHV HYHQ WKRXJK WKH GLUHFW HIIHFW RI WKH GUDLQDJH
VRPHWLPHV LV GLIILFXOW WR REVHUYH 'UDLQDJH WR D WXQQHO RI WKH











GUDLQDJH WXQQHO GUDLQDJH PD\ DOVR IDYRXU WKH JURZWK RI
DJULFXOWXUDOSODQWV
*HQHUDOO\ PRGHUDWH JURXQGZDWHU GUDLQDJH ZLOO EH RI OHVV
LPSRUWDQFHIRUWKHDQLPDOOLIHDVWKHLQIOXHQFHDUHDRIDWXQQHOLV







+\GURORJLFDO HYDOXDWLRQV FRXOG EH XVHG WR HYDOXDWH OHDNDJH
FULWHULD WR SURWHFW QDWXUH DUHDV DQG VXUIDFHZDWHUV YXOQHUDEOH WR
JURXQGZDWHU GUDLQDJH /HDNDJH FULWHULD FRXOG HJ EH JLYHQ DV
DFFHSWDEOHOHDNDJHSHUPLQXWHSHUPWXQQHO)RUZHOOVIORZ
ZLWKLQ D VLQJOH IUDFWXUH V\VWHP FDQ EH GRPLQDQW ,W FRXOG







DQG +\OMHOL 9HQQHPR 9LQMH PXQLFLSDOLW\ 1RUJHV



























/DNH/DQJYDQQ P P P  P 
































$ E V W U D F W   )LHOGFRQGLWLRQVKDYHEHHQH[DPLQHGDURXQGZHOOV VXSSO\LQJJURXQGZDWHU WR1RUZHJLDQZDWHUZRUNV LQRUGHU WR
LGHQWLI\ SRVVLEOH FDXVHV IRU EDFWHULRORJLFDO FRQWDPLQDWLRQ%HGURFNZHOOV ORFDWHG LQ DUHDVZLWK VXEVWDQWLDO WKLFNQHVV RI VXSHUILFLDO
GHSRVLWV DUH OHVV SURQH WR EDFWHULRORJLFDO FRQWDPLQDWLRQ RI WKH JURXQGZDWHU 'DWD LQGLFDWH DOVR WKDW D ZHOOKRXVH SURYLGHV EHWWHU
SURWHFWLRQDJDLQVWEDFWHULDOFRQWDPLQDWLRQFRPSDUHGZLWKFRQFUHWHZHOOSURWHFWLRQ,PSURSHUGHVLJQRIWKHZHOOFDVLQJPD\DOVROHDG
WR FRQWDPLQDWLRQ IRU H[DPSOH ZKHUH WKH WRS RI WKH FDVLQJ GRHVQ







,Q 1RUZD\ PDQ\ VPDOO ZDWHUZRUNV DQG SULYDWH KRXVHV XVH
JURXQGZDWHU GHULYHG IURP EHGURFN ,Q WKH ODWH V EHWZHHQ
QHZZHOOVZHUHFRQVWUXFWHGHDFK\HDUDQG
0RUODQG  RI WKH SRSXODWLRQ ZDV VXSSOLHG ZLWK
JURXQGZDWHU ,QIRUPDWLRQ IURP WKH 1DWLRQDO ,QVWLWXWH RI 3XEOLF
+HDOWKDQGYDULRXVGHSDUWPHQWVRI WKH1RUZHJLDQ)RRG&RQWURO
$XWKRULW\LQGLFDWHEDFWHULRORJLFDOFRQWDPLQDWLRQLQPDQ\RIWKHVH
JURXQGZDWHU ZHOOV DQG WKH 1DWLRQDO ,QVWLWXWH RI 3XEOLF +HDOWK
FRQVLGHU UHTXLULQJ GLVLQIHFWLRQ RI DOO GULQNLQJZDWHU IURP WKHVH
ZDWHUZRUNV$3K'VWXG\ZDVLQLWLDWHGLQDWWKH*HRORJLFDO
6XUYH\ RI 1RUZD\ 1*8 ZLWK WKH DLP WR ORRN DW WKH
YXOQHUDELOLW\ RI JURXQGZDWHU ZHOOV LQ EHGURFN FRQFHUQLQJ
EDFWHULDO FRQWDPLQDWLRQ %DFWHULRORJLFDO DQDO\VHV RI UDZ ZDWHU
DQGWDSZDWHUIURPZDWHUZRUNVLQ1RUZD\KDYHEHHQFDUULHG




)LHOGZRUN ZDV VXEVHTXHQWO\ FDUULHG RXW DW  RI WKH 




ZHOO WKH VWDWH RI WKH SLSHOLQH DQG DOVR WKH SK\VLRFKHPLFDO









6RVLDO RJ KHOVHGHSDUWHPHQWHW  $ERXW KDOI RI WKHP KDYH
RQO\ UHJLVWHUHG WRR KLJK KHWHURWURSKLF SODWH FRXQW +3& 7KH
RWKHU KDOI KDV SUREOHPV ZLWK HLWKHU FROLIRUPV 7RWDO FROLIRUPV
7& DQG IHFDO FROLIRUPV )& RU ERWK FROLIRUPV DQG +3&
%DVHGRQWKHVHUHVXOWVILHOGFRQGLWLRQVIRUWKHZHOOVRIRIWKH
 ZDWHUZRUNV ZHUH PRUH FORVHO\ H[DPLQHG GXULQJ WKH
VXPPHUDXWXPQRIDQG
$ WRWDORIZHOOVKDYHEHHQH[DPLQHGZLWK UHJDUG WR WKH
IROORZLQJSDUDPHWHUVGHVLJQDQGSURWHFWLRQRI WKHZHOODPRXQW
DQG WKLFNQHVV RI VXSHUILFLDO GHSRVLWV LQ WKH ZHOO DUHD ODQGXVH
DURXQG WKHZHOOSRVVLEOH VRXUFHVRISROOXWLRQDQGJHRJUDSKLFDO
ORFDWLRQVXFKDVGLVWDQFHIURPWKHVKRUHOLQHDQGORFDWLRQUHODWLYH
WR WKH RFFXUUHQFH RI PDULQH VHGLPHQWV 0DULQH VHGLPHQWV DUH




7KH GDWD IRU HDFK ZHOO KDYH EHHQ H[DPLQHG LQ UHODWLRQ WR WKH
EDFWHULRORJLFDOTXDOLW\RIWKHZDWHUWRLGHQWLI\SRVVLEOHFDXVHVIRU
EDFWHULRORJLFDOFRQWDPLQDWLRQ
8QIRUWXQDWHO\ EDFWHULRORJLFDO TXDOLW\ RI JURXQGZDWHU H[LVWV
IRU RQO\  RI WKH  ZHOOV H[DPLQHG EHFDXVH VHYHUDO RI WKH
ZDWHUZRUNVGRQRWFROOHFWZDWHUVDPSOHVGLUHFWO\IURPWKHVXSSO\





ZLOO DIIHFW WKH ZDWHU TXDOLW\ :DWHUZRUNV ZLWK RQO\ RQH ZHOO











7KH WKLFNQHVV RI WKH VXSHUILFLDO GHSRVLWV KDV EHHQ HYDOXDWHG DW
HDFKZHOOVLWHDQGWKHYDOXHFODVVLILHGDVPHGLXPWRWKLFNRU
WKLQ RU GLVFRQWLQXRXV 2I WKH  ZHOOV VLWXDWHG LQ DUHDV ZLWK
PHGLXP WR WKLFN VXSHUILFLDO GHSRVLWV   WDE KDYH QR
EDFWHULDOSUREOHPV2QWKHRWKHUKDQGRQO\RIWKHZHOOV
LQ DUHDV ZLWK WKLQ RU GLVFRQWLQXRXV GHSRVLWV KDYH QR EDFWHULDO
FRQWDPLQDWLRQ 7KLV VXJJHVWV WKDW ZHOOV ORFDWHG LQ DUHDV ZLWK
VLJQLILFDQW VXSHUILFLDO GHSRVLWV DUH OHVV VXVFHSWLEOH WR
EDFWHULRORJLFDOFRQWDPLQDWLRQ
7KH QXPEHU RI ZHOOV ZLWKRXW EDFWHULDO SUREOHPV DSSHDUV WR
GHFUHDVHZLWKGHFUHDVLQJ WKLFNQHVVRI WKH VXSHUILFLDOGHSRVLWV DW
WKH ZHOO ORFDWLRQ WDE :KHUH WKH GHSRVLW WKLFNQHVV LV PRUH





7DEOH  VKRZV WKDW RI WKHZHOOV DUHZLWKRXW EDFWHULR
ORJLFDOSUREOHPVZKHQORFDWHGEHORZWKHPDULQHOLPLWDJDLQVW
RIWKHZHOOVDERYHWKHPDULQHOLPLW7KXVZHOOVVLWXDWHGDERYH
WKHPDULQH OLPLWDSSHDU WREHPRUHYXOQHUDEOH WREDFWHULRORJLFDO
FRQWDPLQDWLRQ7KLVUHVXOWLVIXUWKHUFRPSDUHGZLWKWKHH[WHQWDQG















RIZHOOV 1RQH +3& &ROLIRUPV
:HOOORFDWLRQDERYHPDULQHOLPLWDPO    
:HOOORFDWLRQEHORZPDULQHOLPLWEPO    
0HGLXPWRWKLFNVXSHUILFLDOGHSRVLWVFDWHJRU\    
7KLQRUGLVFRQWLQXHVVXSHUILFLDOGHSRVLWVFDWHJRU\    
:HOOORFDWLRQDPOZLWKPHGLXPWRWKLFNVXSHUILFLDOGHSRVLWV    
:HOOORFDWLRQDPOZLWKWKLQRUGLVFRQWLQXHVVXSHUILFLDOGHSRVLWV    
:HOOORFDWLRQEPOZLWKPHGLXPWRWKLFNVXSHUILFLDOGHSRVLWV    
:HOOORFDWLRQEPOZLWKWKLQRUGLVFRQWLQXHVVXSHUILFLDOGHSRVLWV    
'HSWKWREHGURFNIURPVXUIDFHLQWKHZHOOSRLQW!P    
'HSWKWREHGURFNIURPVXUIDFHLQWKHZHOOSRLQW!LQFOXGLQJP    
'HSWKWREHGURFNIURPVXUIDFHLQWKHZHOOSRLQW!LQFOXGLQJP    
'HSWKWREHGURFNIURPVXUIDFHLQWKHZHOOSRLQW P    
/HQJWKRIZHOOFDVLQJ!P    
/HQJWKRIZHOOFDVLQJ!LQFOXGLQJP    
/HQJWKRIZHOOFDVLQJ!LQFOXGLQJP    
/HQJWKRIZHOOFDVLQJ!LQFOXGLQJP    
/HQJWKRIZHOOFDVLQJ!LQFOXGLQJP    
7RSRIZHOOFDVLQJVLWXDWHGEHORZJURXQGOHYHO    
7RSRIZHOOFDVLQJVLWXDWHGDERYHJURXQGOHYHO    
:HOOKRXVHZLWKRXWFRQFUHWHZHOOSURWHFWLRQ    
&RQFUHWHZHOOSURWHFWLRQQRZHOOKRXVH    
&RQFUHWHZHOOSURWHFWLRQLQFRPELQDWLRQZLWKZHOOFRYHU    





7KH GHVLJQ DQG SURWHFWLRQ RI WKH ZHOOV ZLOO DOVR DIIHFW WKH
EDFWHULRORJLFDO TXDOLW\ RI WKH JURXQGZDWHU 6HYHUDO RI WKHZHOOV
H[DPLQHG DUH SODFHG LQVLGH D FRQFUHWH ZHOOSURWHFWLRQ D ZHOO
KRXVH RU ERWK 7KH EDFWHULRORJLFDO TXDOLW\ LV NQRZQ IRU  RI
WKHVHZHOOV $ZHOOKRXVHZLWKRXW D FRQFUHWHZHOOSURWHFWLRQ LV
FRQVWUXFWHG IRU  RI WKH ZHOOV DQG   RI WKHP KDYH D
VDWLVIDFWRU\ZDWHU TXDOLW\7KHFRUUHVSRQGLQJQXPEHU LV
IRU WKH ZHOOV GHVLJQHGZLWK RQO\ D FRQFUHWHZHOOSURWHFWLRQ
%DVHG RQ WKLV GDWD D ZHOOKRXVH DSSHDUVPRUH HIILFLHQW WKDQ D
FRQFUHWHZHOOSURWHFWLRQWRSUHYHQWEDFWHULDOFRQWDPLQDWLRQ%XW
WDEOH  DOVR VKRZV WKDW RWKHU IDFWRUV DIIHFW WKHZDWHU TXDOLW\ DV
ZHOOEHFDXVHDVPDQ\DVRIWKHZHOOVZLWKDZHOOKRXVH
KDYHXQVDWLVIDFWRU\ZDWHUTXDOLW\7KHWKLFNQHVVRIWKHVXSHUILFLDO
GHSRVLWV DW WKH ZHOO ORFDWLRQ GHWHUPLQHV WKH OHQJWK RI WKH ZHOO
FDVLQJDQGWDEOHVKRZVVLPLODUUHVXOWVIRUWKHVHWZRIDFWRUV2I
WKH ZHOOV ZLWK FDVLQJ OHQJWKV RI ! P   KDYH QR
EDFWHULRORJLFDOFRQWDPLQDWLRQDJDLQVWIRUZHOOVZLWKFDVLQJ
OHQJWKVP7DE
2XW RI  ZHOOV H[DPLQHG  KDYH WKH WRS RI WKH FDVLQJ
DERYHJURXQGOHYHODQGIRUWKHUHPDLQLQJWKHWRSRIWKHFDVLQJ
LVEHORZJURXQGOHYHO)HZHUZHOOVLQWKHODWWHUJURXSDUHZLWKRXW
EDFWHULDO FRQWDPLQDWLRQ FRPSDUHG ZLWK WKH ILUVW JURXS WDE
,PSURSHU GHVLJQ RI WKHZHOO FDVLQJ FRPELQHGZLWK OHDNV LQ WKH
FRQFUHWHZHOOSURWHFWLRQ DUHPRVW SUREDEO\ WKHPDLQ FDXVHV IRU
EDFWHULRORJLFDOFRQWDPLQDWLRQRIWKHJURXQGZDWHULQWKHZHOOV$
FORVHU H[DPLQDWLRQ RI WKH  ZHOOV ZLWK RQO\ FRQFUHWH ZHOO
SURWHFWLRQ RU LQ FRPELQDWLRQ ZLWK D ZHOOFRYHU UHYHDOV WKDW
VHYHUDO RI WKH FRQFUHWH ZHOOSURWHFWLRQV KDYH OHDNV )XUWKHU LQ
PDQ\ RI WKHVH FDVHV WKHZHOO FDVLQJ LV FXW EHORZ JURXQG OHYHO
'XHWRWKHOHDNVVXUIDFHZDWHUFDQFRPHLQVLGHWKHFRQFUHWHZHOO
SURWHFWLRQDQGZLWKWKHWRSRIWKHFDVLQJEHORZJURXQGOHYHOWKLV












GHSHQGHQW RQ VHYHUDO IDFWRUV LQFOXGLQJ ORFDWLRQ W\SH RI
VXSHUILFLDOGHSRVLWZHOOGHVLJQDQGSURWHFWLRQ
 %HGURFN ZHOOV ORFDWHG LQ DUHDV ZLWK VXEVWDQWLDO WKLFNQHVV RI
VXSHUILFLDO GHSRVLWV DUH OHVV SURQH WREDFWHULRORJLFDO FRQWDPL
QDWLRQRIWKHJURXQGZDWHU
 :HOOKRXVHVDSSHDUWREHPRUHHIILFLHQWLQSUHYHQWLQJEDFWHULR
ORJLFDO FRQWDPLQDWLRQ FRPSDUHG ZLWK RQO\ D FRQFUHWH ZHOO
SURWHFWLRQ
 ,PSURSHUGHVLJQDQGSODFHPHQWRIWKHZHOOFDVLQJPD\OHDGWR













DQG )XWXUH &KDOOHQJHV &DSH 7RZQ 6RXWK $IULFD QRZ
GHF%DONHPD5RWWHUGDPSS
0RUODQG *  3HWURORJ\ OLWKRORJ\ EHGURFN VWUXFWXUHV
JODFLDWLRQ DQG VHD OHYHO ,PSRUWDQW IDFWRUV IRU JURXQGZDWHU




















$ E V W U D F W   :HSURSRVHKHUHDSURFHGXUH WREXLOGD3HUIRUPDQFH$VVHVVPHQWPRGHO IRU WUDQVIHU LQD VLQJOH IUDFWXUHFDVHDW WKH
bVS|VLWH6ZHGHQ7KLVVLPSOLILHGPRGHOLVEDVHGRQDUDWKHUGHWDLOHGNQRZOHGJHDVZHOODVVRPHWUDFHUWHVWVQRQVRUELQJWRPHGLXP
VRUELQJFRQGXFWHGLQDQLGHQWLILHGVWUXFWXUH:HIRFXVKHUHPDLQO\RQDGGUHVVLQJWKHLQIOXHQFHRIPDWUL[]RQHVKHWHURJHQHLW\LQWKH








:H SURYLGH KHUH ZLWK UHVXOWV REWDLQHG ZLWKLQ WKH 6.% 7DVN
)RUFH 7KH REMHFWLYH RI SUHVHQW 7DVN LV WR EXLOG D EULGJH
EHWZHHQ VLWH FKDUDFWHUL]DWLRQ 6& PRGHOV DQG SHUIRUPDQFH
DVVHVVPHQW 3$PRGHOV RQ WKH EDVLV RI WKHbVS| XQGHUJURXQG
ODERUDWRU\ GDWDVHW 6ZHGHQ UHIHU WR 6HOURRV DQG (OHUW 
7KH ILUVW W\SH RI PRGHOV DUH W\SLFDOO\ FRPSOH[ LQFRUSRUDWLQJ
GHWDLOHG SK\VLFDO DQG JHRFKHPLFDO SURSHUWLHV DQG FDOLEUDWHG
DJDLQVW VKRUW WHUP DQG VPDOO VFDOH LQ VLWX H[SHULPHQWV
3HUIRUPDQFH DVVHVVPHQW PRGHOV DUH VLPSOHU UHVWUDLQHG WR WKH
PDLQ SK\VLFDO IHDWXUHV JHQHUDOO\ XVHG WR VWXG\ D YDULHW\ RI
SRVVLEOHFRQILJXUDWLRQVDQGDSSO\ WR ORQJ WLPHVFDOHVDVZHOODV
ODUJHU VSDWLDO VFDOHV 7KH SUHVHQW SDUW RI WKHZRUN GHDOVZLWK D
VLQJOH IUDFWXUH FDVH IHDWXUH $ SDUW RI 758( 7UDFHU
8QGHUVWDQGLQJ([SHULPHQWH[WHQVLRQURXJKO\P:HFRQVLGHU
WKHWUDQVIHURIVHYHUDOWUDFHUVQRQVRUELQJWRPRGHUDWHO\VRUELQJ
ZLWKLQ WKLV XQLW LQ GLIIHUHQW IORZ FRQGLWLRQV IRUFHG IORZ LQ
SXPSLQJ FRQGLWLRQV DQG QDWXUDO IORZ FRUUHVSRQGLQJ WR SRVW
FORVXUHFRQGLWLRQV5HIHUWR)LJ
:H LQWURGXFH KHUH VHYHUDO PRGHOV IURP VLPSOH WR PRUH
FRPSOH[ PDWUL[ ]RQH JHRPHWULHV LQ DJUHHPHQW ZLWK WKH
FRQFHSWXDOPRGHORIWKHIUDFWXUH)LJ7KHVHPRGHOV)LJ
DUHFDOLEUDWHGDJDLQVWWKHH[SHULPHQWDOEUHDNWKURXJKFXUYHVIRU
D VHULHVRIQRQVRUELQJ WRPRGHUDWHO\ VRUELQJ WUDFHUV:HVWXG\
WKH UHJLPHVRI WKHVH V\VWHPV IRU VORZYHORFLW\ FDVHV W\SLFDORI
3$WLPHVFDOHSRVWFORVXUHFRQGLWLRQVIRUUDGLDODQGXQLIRUPIORZ






7KH UROH SOD\HG E\ WKH GLIIHUHQW PDWUL[ ]RQHV IRU WZR IORZ
UHJLPHVZDVVWXGLHGIRUVLPSOHV\VWHPVSURYLGLQJUHDOLVWLFPDWUL[
]RQHJHRPHWU\ 0RGHO	)LJ	7KHVH LQFOXGHJRXJH




IORZ UHJLPHV DOO XQLWV DUH LQYROYHG H[FHSW IUDFWXUH FRDWLQJ
SOD\LQJDPLQRUUROHGXHWRLWVUHGXFHGGHSWK
)RU ORZ YHORFLW\ UHJLPHV WKH EHKDYLRXU RI WKH GLIIHUHQW
PDWUL[ ]RQHV IDOOV GRZQ LQWR WZR PDLQ FDWHJRULHV  L ]RQHV
DFWLQJDVFODVVLFDOPDWUL[GLIIXVLRQ]RQHVWUDQVLWRULO\VWRULQJPDVV




IUDFWXUH FRDWLQJ P\ORQLWH 7KH 3$PRGHO ILQDOO\ UHVXOWLQJ IRU
WKHZKROHV\VWHPIRUSRVWFORVXUHWLPHVFDOHVLVUDWKHUVLPSOH,W
LV VLPLODU WR0RGHO  VHH )LJ DQG FRQVLVWV RI DQ HTXLYDOHQW
FRQGXFWLQJ ]RQH IUDFWXUHZLWK JRXJHPDWHULDO IUDFWXUH FRDWLQJ




EDGO\ FRQVWUDLQHG 7KH LQIRUPDWLRQ DYDLODEOH FRQVLVWV RI
PHDVXUHPHQWV FRQGXFWHG RQ VDPSOHV REWDLQHG IURP WKH
ERUHKROHV ERUHKROH LPDJLQJ PHDVXUHPHQWV FRQGXFWHG RQ
VDPSOHV IURP JHRORJLFDOO\ DQDORJRXV ]RQHV DV ZHOO DV UHVXOWV














IORZ LQ SXPSLQJ FRQGLWLRQV YV SRVW FORVXUH VORZ IORZ
FRQGLWLRQV WKH PDWUL[ ]RQHV H[SORUHG E\ WKH WUDFHU WHVW
EHKDYHDVFODVVLFDOPDWUL[]RQHVIRUWKHTXLFNHUIORZFDVHEXW
DV LPPHGLDWH EXIIHU IRU VORZ IORZ FRQGLWLRQV DVPHQWLRQHG
EHIRUH &RQVLGHULQJ WKH VLPSOH 0RGHO  JHRPHWU\ )LJ
RQHFDQVKRZWKDWLQWKHILUVWFDVHWKH\FDQEHGHVFULEHGE\
PHDQV RI D ILUVW SDUDPHWHU JURXS GLIIHUHQW IURP WKH RQH
GHVFULELQJ WKHP LQ WKH VHFRQG FDVH $V D FRQVHTXHQFH QR
LQIRUPDWLRQSHUWLQHQWDWSRVWFORVXUHWLPHVFDOHFDQVWULFWO\EH
REWDLQHG IURP D WUDFHU WHVW FRQGXFWHG LQ DQRWKHU UHJLPH IRU
WKHVLWXDWLRQFRQVLGHUHG
x 6LQFH WKHVH SDUDPHWHUV DUH GLIIHUHQW FRPELQDWLRQV RIPDWUL[
SRURVLW\ GLIIXVLRQ FRHIILFLHQW IUDFWXUH DSHUWXUH DQG .G
LQWURGXFLQJDGHWHUPLQLVWLFUHODWLRQVKLSEHWZHHQWKHPEDVHG
RQ WKH PHDVXUHPHQWV DYDLODEOH DOORZV IRU LGHQWLILFDWLRQ RI
RQH VLQJOH SDUDPHWHU :H DGGUHVVHG WKH TXHVWLRQ RI
LGHQWLILFDWLRQ RI WKH GLIIXVLRQ FRHIILFLHQW ILHOG DORQJ WKH
IUDFWXUH ZLWK 0RGHO  :H FRQVLGHUHG D 0RQWH &DUOR
VLPXODWLRQ DSSURDFK WR DGGUHVV WKLV LQYHUVH SUREOHP LVVXH





7KHVH UHVXOWV DUH LQ OLQH ZLWK FRQFOXVLRQV IURP IRUPHU VWXGLHV





6HQVLWLYLW\DQDO\VLV WR WKHGLIIHUHQWXQLWVRI WKHV\VWHPZHUH
FRQGXFWHG IRU SRVW FORVXUH IORZ UHJLPHV :H REVHUYHG D KLJK
VHQVLWLYLW\ WR WKH PRVW GLIIXVLYH ]RQHV SDUDPHWHUV SRURVLW\
GLIIXVLRQ FRHIILFLHQW DQG GHSWK IRU JRXJH IUDFWXUH FRDWLQJ
P\ORQLWHEXW ORZVHQVLWLYLW\ IRUDOWHUHGDQGQRQDOWHUHG'LRULWH
SRURVLW\GLIIXVLRQFRHIILFLHQWGHSWKDOWKRXJKWKHVHODWWHU]RQHV







x 7UDFHU WHVWVSURYLGHDYHU\OLPLWHGDPRXQWRI LQIRUPDWLRQ




x 7KH UHWHQWLRQ HIIHFWV DUHPRVW UHODWHGZLWK KLJK GLIIXVLRQ
DQG SRURVLW\ ]RQHV FORVH WR WKH PRELOH ]RQHV 5HILQHG















0DORV]HZVNL 3 =XEHU $  2Q WKH WKHRU\ RI WUDFHU
H[SHULPHQWV LQILVVXUHGURFNVZLWKDSRURXVPDWUL[-RXUQDORI
+\GURORJ\
&DUUHUD - 6DQFKH] 9LOD ; %HQHW , 0HGLQD $ *DODU]D *
*XLPHUD- 2QPDWUL[GLIIXVLRQ  IRUPXODWLRQVVROXWLRQ



























































































































$ E V W U D F W   6RPHRIWKHUHVXOWVRIWKHK\GURJHRORJLFDOUHVHDUFKFDUULHGRXWLQWKH/LQDUHVPLQLQJGLVWULFW$QGDOXVLD6RXWK6SDLQ
GXULQJ WKHSHULRG LQFOXGHD WKHHYDOXDWLRQRIROGPLQHYRLGVPRVWRI WKHPIORRGHGDWSUHVHQWE WKHTXDQWLILFDWLRQRI
ZDWHUUHVRXUFHVDQGSDUWLFXODUO\WKHUHFKDUJHRIWKHEDWKROLWKDQGLWVGUDLQDJHE\SXPSLQJDQGJUDYLW\FWKHK\GURJHRORJLFDOUHJLPH









7KH /LQDUHV EDWKROLWK H[WHQVLRQ  NP LV D VPDOO JUDQLWRLG
PDVVLIHPSODFHGDWWKHHQGRIWKH+HUF\QLDQRURJHQLFF\FOH7KH
PDMRU WHFWRQLF GHIRUPDWLRQ LQ WKH ODVW VWDJHV RI WKLV F\FOH
SURGXFHG D IUDFWXUH QHWZRUN WKDW FRQGLWLRQHG WKH JHQHUDWLRQ RI
RUH YHLQV PDLQO\ JDOHQD $]FiUDWH  7KH SRVWKHUF\QLDQ
VXEKRUL]RQWDOFRYHULVPDGHXSRI7ULDVVLFOXWLWHV0LRFHQHPDUOV
DQG4XDWHUQDU\DOOXYLXPV7KHUHOLHIRIWKHDUHDLVJHQWOHZLWKDQ
DYHUDJH DOWLWXGH RI RXWFURSV RI DURXQG P DVO ILJ 7KH
DUHD KDV D 0HGLWHUUDQHDQ FOLPDWH 7KH DYHUDJH DQQXDO
SUHFLSLWDWLRQ LV VOLJKWO\ OHVV WKDQ  PP ZLWK SUDFWLFDOO\ QR
UDLQIDOOIURP-XQHWR6HSWHPEHU
([SORLWDWLRQ RI WKH RUHV E\ XQGHUJURXQG PLQLQJ LV NQRZQ
VLQFH 5RPDQ WLPHV 7KH SHDN LQ 3E SURGXFWLRQ ZDV UHJLVWHUHG
DURXQG WKH EHJLQQLQJ RI WKH ;; FHQWXU\ ZKHQ WKLV GLVWULFW
EHFDPH WKHZRUOGV ILUVW VXSSOLHU UHODWHG WR WKH LPSOHPHQWDWLRQ
RI HIILFLHQW PLQH GHZDWHULQJ VFKHPHV 'XULQJ WKH V WKH
H[SORLWDWLRQV IDFHG SUREOHPV GHULYHG RI SXPSLQJ ZDWHU IURP
GHSWKV RI PRUH WKDQ  P $W WKH HQG RI WKH V WKH ODVW
H[SORLWDWLRQVFHDVHG7KHQDQLPSRUWDQWYROXPHRIWKHZRUNLQJV
EHFDPHIORRGHGDIWHUVWRSSLQJWKHGHZDWHULQJRSHUDWLRQ






,W LV ZRUWK WR QRWH KHUH WKH FRQVWUXFWLRQ LQ WKH ODWH ¶V RI DQ
LPSRUWDQW GUDLQDJH DGLW RI  NP ORQJ DQG GHSWK JHQHUDOO\
EHWZHHQ PHWHUVZKLFK FURVVHG D VLJQLILFDQW QXPEHU RI




WR WKH FHDVH RI GHZDWHULQJ 7KLV GUDLQDJH DGLW QRZ DFWV DV WKH
PDLQGLVFKDUJHSRLQWE\JUDYLW\IURPWKHEDWKROLWK
)LJXUHVNHWFKHVWKLVGULIW'SRUWDODQGWKHIUDPHZRUNRI
FRQQHFWHG IORRGHG YRLGV WKDW QRUPDOO\ UHDFK GHSWKV RI DURXQG
PEXWZLWKPD[LPXPYDOXHVRIPRUHWKDQP0LQHVLQ
WKHERUGHUVRI WKHGLVWULFWDUHQRWFRQQHFWHG WR WKHGUDLQDJHDGLW































7KH HYDOXDWLRQ RI JURXQGZDWHU VWRUDJH LQ PLQH YRLGV KDV EHHQ




7KH TXDQWLILFDWLRQ RI ZDWHU UHVRXUFHV LQ WKH VWXG\ DUHD KDV
EHHQ PDGH XVLQJ D PRGHO RI GLVWULEXWLRQ RI WKH HIIHFWLYH
SUHFLSLWDWLRQ RYHU WKH DUHD 7KH PDLQ UHFKDUJH WR WKH EDWKROLWK
FRPHV IURP WKH SUHFLSLWDWLRQ RYHU LWV RXWFURSV DQG DPRXQWV DQ
DYHUDJHRIKPD0DUtQ/HFKDGR
0RVWRIWKHSXPSLQJIURPROGPLQLQJVKDIWVDQGIURPZHOOV
LQ VHFWRUV RI ZHDWKHUHGIUDFWXUHG JUDQLWH DUH FXUUHQWO\ XVHG IRU
LUULJDWLRQ SXUSRVHV 7KH DYHUDJH YROXPH H[SORLWHG \HDUO\ LV
URXJKO\VLPLODU WR WKHDERYHPHQWLRQHGUHFKDUJH7KHGLVFKDUJH
WKURXJKWKHGUDLQDJHDGLWKDVEHHQHVWLPDWHGE\PHDQVRIVHULDWHG
PHDVXUHV GXULQJ WKH  SHULRG )LJXUH  VKRZV WKH
HYROXWLRQRIWKHUHJLVWHUHGYDOXHV
$FFRUGLQJWRWKHZDWHUEDODQFHHVWLPDWLRQVWKHEDWKROLWKLVDW
SUHVHQW QHDUO\ LQ HTXLOLEULXP FRQGLWLRQV RU PD\EH VKRZLQJ D
VOLJKW WUHQG WRZDUGV WKH GHFUHDVH LQ JURXQGZDWHU VWRUDJH
%HQDYHQWHHWDO




7KH JURXQGZDWHU FKHPLVWU\ KDV EHHQ WKH REMHFW RI SUHYLRXV
UHVHDUFKHV +LGDOJR HW DO  DQG +LGDOJR DQG %HQDYHQWH
 7KH JURXQGZDWHU IURP WKH ZHDWKHUHGIUDFWXUHG JUDQLWH
HOHFWULFDO FRQGXFWLYLW\ RI  P6FP +&2&D RU &D1D
W\SH FDQ EH VHSDUDWHG RI WKDW IURP WKH PLQH VKDIWV DQG GULIWV
P6FP62&DW\SH
:HOO ORJJLQJ KDV EHHQ SHUIRUPHG LQ WKH 3 3 DQG 3
PRQLWRULQJERUHKROHV,QWKHWKUHHFDVHVWKHUHLVDWRSOD\HUOHVV
WKDQ P RI XQFRQVROLGDWHGPDWHULDOV 7KH XQGHUO\LQJ JUDQLWH


































3 DQG 3 DQG VHULDWHGPHDVXUHV RI WKH GLVFKDUJH WKURXJK
WKHGUDLQDJHDGLWSHULRG
(OHFWULFDO FRQGXFWLYLW\ ORJV VKRZ IDLUO\ FRQVWDQW YDOXHV RI
DURXQGP6FP WKURXJK WKHJUDQLWHPDWHULDOV EXW LQ WKH
WZR SRLQWV VLWXDWHG LQ WKH YLFLQLW\ RI WKH *XDGLHO ULYHU OHVV
PLQHUDOL]HGZDWHUVP6FPRFFXULQWKHILUVWWHQPHWHUV
GXH WR PL[LQJ ZLWK IOX[HV LQ WKH WRS OD\HU 7HPSHUDWXUH ORJV











DUH OHVV WKDQ/VPHDVXUHGDW WKHHQGRI WKHVXPPHUILJ
$V D UHVSRQVH RI LQFUHDVHG SXPSLQJ IURP WKH FRQQHFWHG VKDIWV
WKHDGLWIORZVHHPVWRIROORZDGHFUHDVLQJWUHQGZKLFKFDQOHGWR
WKHFRPSOHWHH[KDXVWLRQRIWKLVSRLQWLQDIHZWLPH
7KH DYHUDJH LQILOWUDWLRQ FRHIILFLHQW RYHU WKH EDWKROLWK KDV
EHHQ HYDOXDWHG LQ  7KH SLH]RPHWULF HYROXWLRQ LQ WKH
ERUHKROHV VKRZV GLIIHUHQW WUHQGV FDXVHG E\ WKHLU WRSRJUDSKLFDO
VLWXDWLRQLQUHFKDUJH3RUGLVFKDUJH]RQHVZLWKVRPHPL[LQJ
IURP VXUIDFH IRUPDWLRQV 33 7KLV LV LQ DJUHHPHQWZLWK WKH
LQIRUPDWLRQSURYLGHGE\ZHOOORJJLQJ
7KH JURXQGZDWHU FKHPLVWU\ KDV EHHQ LQWHUSUHWHG PDLQO\ DV
WKH UHVXOW RI VXOSKLGH R[LGDWLRQ 7KH ZDWHU W\SH RI WKH PDLQ
GUDLQDJH DGLW LV LQWHUPHGLDWH EHWZHHQ WKH GLIIHUHQW VDPSOHG
SRLQWVDFFRUGLQJWRLWVK\GURJHRORJLFDOQDWXUH
7KH FRPSDULVRQ RI WKH PLQH YRLGV TXDQWLILFDWLRQ ZLWK WKH
JHRPHWU\ RI WKH PLQHG IUDFWLRQ RI LJQHRXV PDVVLI OHDG WR DQ
RYHUDOO YDOXH RI DQWKURSRJHQLFDOO\ GHULYHG SRURVLW\ RI DURXQG

$V D JHQHUDO FRQFOXVLRQ LW FDQ EH VWDWHG WKDW DOWKRXJK WKH
JUDQLWH RXWFURSV DUH FRQVLGHUHG LQ UHJLRQDO K\GURJHRORJLFDO
















%HQDYHQWH - +LGDOJR0&0DUtQ & 5XELR&DPSRV -& 
*URXQGZDWHU UHVRXUFHV GHYHORSPHQW IURP DEDQGRQHG PLQLQJ
ZRUNV LQ JUDQLWLF WHUUDQHV /LQDUHV GLVWULFW 6SDLQ ,Q
*URXQGZDWHU DQG +XPDQ 'HYHORSPHQW 3URF ;;;,, ,$+
&RQJUHVV
*XWLHUUH]*X]PiQ )  /DV PLQDV GH /LQDUHV $SXQWHV
KLVWyULFRV&ROHJLR2ILFLDOGH,QJHQLHURV7pFQLFRVGH0LQDVGH
/LQDUHVSS
+LGDOJR 0& %HQDYHQWH - 5H\ -  )LUVW UHVXOWV RQ WKH
SUHVHQFH RI PHWDOOLF FRQWDPLQDQWV LQ ZDWHUV DIWHU WKH
DEDQGRQPHQWRIDVXOSKLGHPLQLQJGLVWULFW/LQDUHV6SDLQ,Q
0LQH:DWHU	(QYLURQPHQW3URF,0:$&RQJUHVV
+LGDOJR 0& %HQDYHQWH -  &RQWUROV RQ JURXQGZDWHU
FKHPLVWU\LQWKH/LQDUHVOHDGFRSSHUDEDQGRQHGPLQHV6SDLQ
,Q 6HLOHU .3 :RKQOLFK 6 HGV 1HZ DSSURDFKHV
FKDUDFWHUL]LQJJURXQGZDWHUIORZ9RO%DONHPD
0DUtQ/HFKDGR &  *HRPHWUtD \ HVWLPDFLyQ GH KXHFRV




































































$ E V W U D F W   ,Q WKH VSULQJ RI   UHVLGHQWV RI :DONHUWRQ 2QWDULR EHFDPH VHULRXVO\ LOO DQG VHYHQ SHRSOH GLHG GXH WR
FRQWDPLQDWHGZHOOZDWHU7KH2QWDULRJRYHUQPHQWUHVSRQGHGWRWKHWUDJHG\ZLWKDQLQGHSHQGHQW³&RPPLVVLRQRI,QTXLU\´WKHLQTXLU\
UHSRUWZDV SXEOLVKHG GXULQJ  3DUW  RI WKH UHSRUW FRQILUPHG WKDW WKH RXWEUHDNZDV FDXVHG E\(VFKHULFKLD FROL ( FROL DQG
FDPS\OREDFWHULQWKHZHOOZDWHU(FROL2+ZDVWKHSULPDU\FDXVHRIWKHGHDWKV'1$DQDO\VLVUHYHDOHGFDWWOHPDQXUHDVWKH
EDFWHULDO VRXUFH DQG ILVVXUH IORZ LQ WKH 3DODHR]RLF FDUERQDWH DTXLIHU ZDV IRXQG WR KDYH SOD\HG D FULWLFDO UROH ,Q 3DUW  RI WKH
&RPPLVVLRQHU¶V UHSRUW  RI  UHFRPPHQGDWLRQV IRU LPSURYLQJ 2QWDULR¶V ZDWHU GHOLYHU\ V\VWHP UHODWHG WR JURXQGZDWHU VRXUFH
SURWHFWLRQ HJ GHFRPPLVVLRQLQJ RI DEDQGRQHGZHOOVZHOOKHDG GHVLJQ DQGZDWHUVKHGEDVHG VRXUFH SURWHFWLRQ SODQV:RUN LV QRZ







,Q WKH VSULQJ RI  UHVLGHQWV RI :DONHUWRQ 2QWDULR )LJ
H[SHULHQFHGDWUDJHG\WKDWVKRXOGQHYHUKDYHKDSSHQHG,WEHJDQ
RQ0D\WKZKHQDQXPEHURIFKLOGUHQIDLOHGWRDWWHQGVFKRRO
GXH WR LOOQHVV7ZRRI WKHVH VWXGHQWVZHUHDGPLWWHG WR WKH ORFDO
KRVSLWDO ZLWK VHYHUH GLDUUKRHD DQG DEGRPLQDO SDLQV )RRG
SRLVRQLQJ SRVVLEO\ GXH WR XQGHUFRRNHG JURXQG EHHI &'&3







2YHU WKH QH[W VHYHUDO GD\V VLFNQHVV VSUHDG TXLFNO\ LQ WKH
FRPPXQLW\ 7KH :DONHUWRQ KRVSLWDO ZDV LQXQGDWHG ZLWK
WHOHSKRQH FDOOV DQG ZLWK SHRSOH YLVLWLQJ WKH HPHUJHQF\ FOLQLF
2QHSHUVRQGLHGRQ0D\QGDQGE\0D\WKWKUHHRWKHUVKDG
VXIIHUHGWKHVDPHIDWH(YHQWXDOO\E\WKHWLPHWKHRXWEUHDNZDV
EURXJKW XQGHU FRQWURO SHRSOHKDGEHFRPH LOO DOPRVWKDOI
WKH WRZQ¶V SRSXODWLRQ DQG VHYHQ SHRSOH GLHG +RZDUG 
6RPH VXIIHUHG DLOPHQWV WKDW ZRXOG DIIHFW WKHP IRU WKH UHVW RI
WKHLUOLYHV
'HVSLWH WKH UDSLGLW\ E\ ZKLFK WKH VLFNQHVV VSUHDG WKH
XOWLPDWHFDXVHRIWKHWUDJHG\±FRQWDPLQDWHGZHOOZDWHUIURPRQH
RU PRUH RI WKH WRZQ¶V ZHOOV ZDV QRW UHOLDEO\ GHWHUPLQHG XQWLO
0D\VWWKUHHGD\VDIWHUWKHSUREOHPVEHJDQ$ERLOZDWHUDOHUW
ZDV LPPHGLDWHO\ LVVXHG EXW WKH ZDUQLQJ KDG FOHDUO\ FRPH WRR
ODWH &RPSUHKHQVLYH K\GURJHRORJLFDO LQYHVWLJDWLRQV EHJDQ
LPPHGLDWHO\ DQG LQFOXGHG ERWK SXPSLQJ DQG WUDFHU WHVWV






,Q UHVSRQVH WR WKH WUDJHG\ WKH3URYLQFLDOJRYHUQPHQW VHWXSDQ
LQGHSHQGHQW ³&RPPLVVLRQ RI ,QTXLU\´ XQGHU -XVWLFH 'HQQLV
2¶&RQQRU 6WDUWLQJ LQ -XO\  DQG ODVWLQJ  PRQWKV WKH
KHDULQJKHDUGIURPZLWQHVVHVLQFOXGLQJWZRIRUPHU0LQLVWHUV
RI WKH(QYLURQPHQWDQG WKH3UHPLHURI2QWDULR7KHUHSRUWZDV
LVVXHG LQ WZR SDUWV 3DUW  2¶&RQQRU DZDV SXEOLVKHG LQ









,W LV QRZ FOHDU WKDW WKH RXWEUHDN LQ :DONHUWRQ ZDV FDXVHG E\
(VFKHULFKLD FROL ( FROL DQG FDPS\OREDFWHU LQ JURXQGZDWHU
REWDLQHG IURP :HOO  )LJV  DQG  ,Q SDUWLFXODU ( FROL
2+ZDVGHWHUPLQHG WREH WKHSULPDU\FDXVHRI WKHGHDWKV
$OWKRXJKPRVWVWUDLQVRI(FROLDUHKDUPOHVVDQGOLYHQDWXUDOO\LQ
WKH LQWHVWLQHV RI KHDOWK\ KXPDQV DQG DQLPDOV ( FROL2+
FDQ SURGXFH D SRZHUIXO WR[LQ WKDW FDQ FDXVH VHYHUH LOOQHVV
LQFOXGLQJOLYHUIDLOXUH%R\FHHWDO0HDGDQG*ULIILQ
6OXWVNHUHWDO
'1$DQDO\VLV FRQGXFWHGDW WKH VLWHGHPRQVWUDWHG WKDW FDWWOH
PDQXUHZDVWKHVRXUFHRIWKHEDFWHULD7KHPDQXUHZDVDSSOLHGWR
/RW  LQ $SULO  DERXW P IURP :HOO  )LJ 7KH
EDFWHULD DSSHDU WR KDYH EHHQ PRELOL]HG E\ XQXVXDOO\ KHDY\
UDLQIDOO  PP RI UDLQ DSSUR[LPDWHO\  RI WKH QRUPDO
DQQXDODPRXQWIHOOEHWZHHQ0D\VWDQG0D\WK
/HVV FRQFOXVLYHO\ GHWHUPLQHG ZDV WKH H[DFW PHFKDQLVP E\
ZKLFK WKHEDFWHULD UHDFKHG DQG HQWHUHG WKHZHOO7KH ODQGVFDSH
DURXQG:DONHUWRQLVJODFLDWHGDQGEHVWGHVFULEHGDVJHQWO\UROOLQJ
KLOOV HWFKHG LQWR 3DODHR]RLF FDUERQDWHV 7KHVH FDUERQDWHV DUH
VHPLNDUVWLF DQG IRUP WKHPDMRU DTXLIHU 7KH\ DUH GUDSHG E\ D
WKLQYHQHHURI WLOO D³VWRQ\VDQG\VLOW WRVLOW WLOO´NQRZQDVWKH
(OPD7LOO






VSHFXODWLYH LV WKH PHDQV E\ ZKLFK ZDWHU IURP WKH DJULFXOWXUDO
ILHOGPDQDJHG WR SHQHWUDWH WKH JODFLDO WLOO RYHUEXUGHQ 7KHUH LV
RQH VXJJHVWLRQ WKDW IHQFHSRVW KROHV PD\ KDYH DOORZHG UXQRII
ZDWHUWRSHQHWUDWHWKHWLOOIDLUO\UDSLGO\DWOHDVWWRVKDOORZOHYHOV
+RZHYHUSHUPHDEOH]RQHVZLWKLQWKHWLOOPXVWXQGRXEWHGO\KDYH
FRQWULEXWHG WR WUDQVPLVVLRQ RI WKH FRQWDPLQDWHG ZDWHU 7ZR
ILQGLQJVLQ3DUWRIWKH&RPPLVVLRQHU¶V5HSRUWZHUHSDUWLFXODUO\
VLJQLILFDQW
x WKH RZQHU RI WKH IDUP KDG HPSOR\HG SURSHU
LQGXVWU\ SUDFWLFHV IRU VSUHDGLQJ WKH PDQXUH DQG
VKRXOGQRWEHIDXOWHG
















3DUW RI WKH&RPPLVVLRQHU¶V UHSRUWZDVSXEOLVKHG LQDQG
LGHQWLILHG QXPHURXV VKRUWFRPLQJV LQ 2QWDULR¶V ZDWHU GHOLYHU\
V\VWHP LQFOXGLQJ EXW E\ QR PHDQV OLPLWHG WR WKH 3URYLQFH¶V
ZDWHU VXSSO\ UHJXODWLRQV DQG FRPSOLDQFH PHDVXUHV VHH IRU
H[DPSOH 202( E DQG F 7KH UHSRUW OLVWHG 








2QWDULR DQG WKDW DV DPLQLPXP UHTXLUHPHQW WKHVHSODQV VKRXOG
EHEDVHGRQJURXQGZDWHUIORZV\VWHPPRGHOVWKDWFDQSUHGLFWWKH
IDWH RI DOO SROOXWDQWV LQ WKH ZDWHUVKHG 6XFK VZHHSLQJ
UHFRPPHQGDWLRQV SURPLVH WR UDGLFDOO\ DOWHU WKH 3URYLQFH¶V
JURXQGZDWHU LQGXVWU\ 0DMRU ZRUN LV QRZ XQGHUZD\ WR
LPSOHPHQW WKH UHFRPPHQGDWLRQV DQG GHYHORS SURWHFWLRQ






%R\FH 7* 3HPEHUWRQ $* :HOOV -* *ULIILQ 30 
6FUHHQLQJIRU(VFKHULFKLDFROL2+DQDWLRQZLGHVXUYH\
RIFOLQLFDOODERUDWRULHV-&OLQ0LFURELRO
&HQWHU IRU 'LVHDVH &RQWURO DQG 3UHYHQWLRQ &'&3 
8SGDWH PXOWLVWDWH RXWEUHDN RI (VFKHULFKLD FROL 2+
LQIHFWLRQVIURPKDPEXUJHUVZHVWHUQ8QLWHG6WDWHV
0RUELGLW\DQG0RUWDOLW\:HHNO\5HSRUW00:5
(YHUV 6 /HUQHU'1 +RZ XQFHUWDLQ LV RXU HVWLPDWH RI D
ZHOOKHDGSURWHFWLRQ]RQH"*URXQG:DWHU
*ROGHU $VVRFLDWHV /WG  +\GURJHRORJLFDO $VVHVVPHQW RI
%DFWHULRORJLFDO ,PSDFWV RQ :DONHUWRQ 7RZQ :HOOV
0XQLFLSDOLW\ RI %URFNWRQ &RXQW\ RI %UXFH 2QWDULR
6HSWHPEHUSS
+RZDUG.:)3ROOXWHGJURXQGZDWHUGHDGO\OHVVRQVIURP
:DONHUWRQ 2QWDULR &DQDGD 3URFHHGLQJV RI WKH ;;;,















'ULQNLQJ :DWHU IRU 6PDOO :DWHUZRUNV LQ 2QWDULR  $
'LVFXVVLRQ3DSHU3,%6H,6%1SS
2QWDULR0LQLVWU\RIWKH(QYLURQPHQW202(F'ULQNLQJ
:DWHU 3URWHFWLRQ  UHJXODWLRQ PDGH XQGHU WKH 2QWDULR:DWHU
5HVRXUFHV $FW 2QW 5HJXODWLRQ  $XJXVW   5HJ
HSS
6OXWVNHU / 5LHV $$ *UHHQH .'  (VFKHULFKLD FROL















$ E V W U D F W   7KHDWWHQXDWLRQRIKHDY\LQGXVWU\DQGGHVXOSKXUL]DWLRQRISRZHUSODQWVEXUQLQJOLJQLWHUHVXOWHGLQWKH&HQWUDO(XURSH










DPRQJ WKHPRVWDIIHFWHG UHJLRQVRI(XURSH7KHDUHDRI WKHVR
FDOOHG³%ODFNWULDQJOH´DWWKHERXQGDU\RI*HUPDQ\3RODQGDQG
&]HFK5HSXEOLF )LJZDV WRZDUGV WKH HQGRI WKH ODVW FHQWXU\
RQHRIWKHPDMRUSURGXFHUVRIDFLGDWPRVSKHULFGHSRVLWLRQZRUOG
ZLGH7KHSHDNRIKLJKHVWLQWHQVLW\RIDFLGDWPRVSKHULFGHSRVLWL








GHUDEO\ZKHQ FRPSDUHGZLWK UHVXOWV RI FKHPLFDO DQDO\VHV IURP
WKH ILIWLHV RI WKH ODVW FHQWXU\ 7KH+&2 ORFDOO\ FRPSOHWHO\ GL
VDSSHDUHG LQ DSLFDO SDUWV RI WKH PRXQWDLQ UDQJH 2Q WKH RWKHU
KDQG WKHFRQFHQWUDWLRQVRIQLWUDWHVDQGVXOSKDWHVLQFUHDVHG+U
NDO  $YHUDJH QLWUDWHV FRQFHQWUDWLRQ RI PHT/ LQ WKH
SHULRGLQFUHDVHGWRPHT/LQWKHSHULRG±
:LWK WKH H[FHSWLRQ RI KLJK DOWLWXGH ]RQH RI WKH .UXãQp KRU\
0WVZKHUH UHPRYDORI IRUHVWFRYHU UHGXFHG WKHSURSRUWLRQRI




DFLGLILFDWLRQ ,I WKH .UXãQp KRU\0WV VKRXOG VHUYH DV D UHJLRQ
DIIHFWHGE\H[WUHPHDFLGLILFDWLRQWKHâXPDYDKDVEHHQORQJWLPH
FRQVLGHUHGDVRQHRIWKHOHDVWDIIHFWHGUHJLRQVLQFHQWUDO(XURSH




URSH VWURQJO\ LQIOXHQFHG WKH TXDOLW\ RI WKH HQYLURQPHQW/DUJH
VFDOH GHVXOSKXULVDWLRQ SURJUDPV WRJHWKHU ZLWK DWWHQXDWLRQ RI
PDLQ VRXUFHV RI WKH SROOXWLRQ ± KHDY\ DQG FKHPLFDO LQGXVWU\
UHVXOWHGLQWKHUHGXFWLRQRIWRWDODWPRVSKHULFGHSRVLWLRQ:HOOLV
WKHSUREOHPRIWKHDFLGLILFDWLRQILQDOO\VROYHG"7KHDQVZHUWRWKLV






,QWHQVH LQYHVWLJDWLRQRI DFLGLILFDWLRQRI VXUIDFH DQGJURXQG
ZDWHUV EHJDQ LQ WKH &]HFK UHSXEOLF LQ WKH VHFRQG KDOI RI WKH
HLJKWLHV E\ WKH HVWDEOLVKPHQW RI D JULG RI VPDOO H[SHULPHQWDO
FDWFKPHQWV *(2021 FRRUGLQDWHG E\ WKH &]HFK *HRORJLFDO
6XUYH\ %DVHG RQ *(2021 ORQJ WHUP VHULHV GDWD )RWWRYi
 DQG LQIRUPDWLRQ IURP WKH*HUPDQSLORW DUHD D WUHQGVRI
WRWDOVXOSKXUDQGQLWUDWHDWPRVSKHULFGHSRVLWLRQKDVEHHQDVVHV
VHG *,6PHWKRGRORJ\ WDNLQJ LQWR DFFRXQW WKHPRUSKRORJLFDO
DQGFOLPDWRORJLFDOSDUDPHWHUVDQGLQIRUPDWLRQDERXWWKHYHJHWD
WLRQFRYHUDOORZHGWKHH[WUDSRODWLRQRISRLQWGDWDIURPH[SHUL
PHQWDO FDWFKPHQWV WR WKH UHJLRQDO VFDOH 7KH UHVXOWLQJ PDS
H[SUHVVHVVHSDUDWHO\WKHGHSRVLWLRQRIVXOSKXUDQGWRWDOQLWURJHQ
LQPROKDNP
,W VHHPV WKDW ODUJH LQYHVWPHQWV GLUHFWHG LQ LPSOHPHQWDWLRQ
RI WKH VRFDOOHG GHVXOSKXUL]DWLRQ SURMHFWV WXUQHG RXW WR KDYH
EHHQYHU\ VXFFHVVIXO$VGHPRQVWUDWHGRQ WKH UHVXOWV DFKLHYHG
GXULQJ WKH H[HFXWLRQ RI WKH /2:5*5(3 SURMHFW WKH ORZHU
FRQFHQWUDWLRQVRI VXOSKXU LQ DFLG DWPRVSKHULF GHSRVLWLRQ VKRZ
SURORQJHGWUHQGV7KLVJHQHUDOWHQGHQF\LVGRFXPHQWHGLQ)LJ
VKRZLQJWKHVLWXDWLRQLQWKH-H]HĜtFDWFKPHQWLQWKH.UXãQpKRU\
DUHD6LPLODU WUHQGZDVREVHUYHG LQâXPDYDDQG LQ)LFKWHOJH
ELUJHLQ*HUPDQ\0DW]QHUHWDO
+RZHYHUWKHRSWLPLVWLFFRQFOXVLRQVVKRZLQJWKHGHFOLQHLQ
VXOSKXU GHSRVLWLRQ DUH FRUUHFWHG RU HYHQ HOLPLQDWHG E\ D QHZ
SUREOHP:KLOH VXOSKXU QRW ORQJ DJR SOD\HG WKH PDMRU UROH LQ
DFLG DWPRVSKHULF GHSRVLWLRQ LWV UROH LVQRZDGD\V WDNHQRYHUE\
QLWURJHQ$OOWHVWHGORFDOLWLHVVKRZHGLQFUHDVHGFRQFHQWUDWLRQVRI
QLWURJHQLQDWPRVSKHULFGHSRVLWLRQ LH LQWKHIRUPRIDPPRQLD
DVZHOO DV LQ IRUPRIQLWUDWHV7KLV LQFUHDVH LVREYLRXVO\GXH WR
SURJUHVVLQJLQWHQVLW\RIPRWRUWUDIILF
7KLVQHZWUHQGVKRXOGEHFOHDUO\GHPRQVWUDWHGRQWKHFRPSD
ULVRQ RI WZR VHHPLQJO\ GLIIHUHQW UHJLRQV ± .UXãQp KRU\ DQG
âXPDYD:KLOHWKHDYHUDJHWRWDOGHSRVLWLRQRIVXOSKXULQâXPDYD
KDV EHHQ HTXDO WR PROKD\HDU LQ LWV FRQFHQWUDWLRQ LQ
WKH .UXãQp KRU\ UHJLRQ LV WKUHHIROG KLJKHU EHLQJ 
PROKD\HDU 7KH GLIIHUHQFH LQ WRWDO QLWURJHQ GHSRVLWLRQ LQ ERWK
UHJLRQV LVPXFKORZHU7KHPHDQWRWDOGHSRVLWLRQRIQLWURJHQLQ
âXPDYD ZDV HTXDO WR PROKD\HDU LQ  ZKHUHDV LQ WKH
.UXãQpKRU\UHJLRQZDVRQO\WZLFHDVPXFKPROKD\HDU
&KDUDFWHULVWLFIHDWXUHLQWKH.UXãQpKRU\DUHDLVPDUNHGO\KLJKHU
YDOXHV RI WRWDO GHSRVLWLRQ LQ LWV VRXWKZHVWHUQ SDUW+RZHYHU LI
ZH FRPSDUH GDWD IURP QRUWKHDVWHUQ SDUW RI WKH .UXãQp KRU\
UHJLRQ ZLWK WKRVH REWDLQHG LQ âXPDYD WKHQ ZH REWDLQ VLPLODU
YDOXHVRIWRWDOQLWURJHQGHSRVLWLRQ
$VVHVVPHQW RI JURXQGZDWHU TXDOLW\ ZDV EDVHG RQ WKH
/2:5*5(3SURMHFW UHJLRQDOPRQLWRULQJQHWZRUNGDWD&KHPL
FDODQDO\VHVIURPVSULQJVPRQLWRUHGLQWKHâXPDYDUHJLRQDQG



































IDOO FKDQJHV LQ .UXãQp KRU\ -H]HĜt FDWFKPHQW âXPDYD 1D







FHQWUDWLRQ RI 62 LV VWLOO GRPLQDQW LQ .UXãQp KRU\ 7KH URFN
PDVVLIVXFKDVWKH.UXãQpKRU\JQHLVVHVZKLFKLVPRUHUHVLVWDQW
DJDLQVW DFLGLILFDWLRQ FDQ IRU ORQJHU SHULRG RI WLPH SURWHFW
JURXQGZDWHUV DJDLQVW LPSDFWV RI DFLG UDLQV 2Q WKH RWKHU KDQG
DIWHUGLVDSSHDUDQFHRUUHGXFWLRQRILPSDFWVRIDFLGGHSRVLWLRQLW
PD\ WDNH D ORQJ WLPH WR UHVWRUH WKHRULJLQDO FRQGLWLRQV DQG WKH














.UXãQp KRU\ DUHD IDOO LQWR WKLV FDWHJRU\ RI QDWXUDO EDFNJURXQG
7KLVLVREYLRXVO\GXHWRWKHLQFUHDVHGUXQRIIRIVXOSKDWHV
6LPLODUDOWKRXJKQRWDVVWULNLQJLVWKHVLWXDWLRQLQWKHFDVHRI













KDV EHHQ JUDGXDOO\ WDNHQ RYHU E\ QLWURJHQ PRVWO\ RQ UHJLRQDO
VFDOH 7KH DWWHQXDWLRQ RI KHDY\ LQGXVWU\ DQG GHVXOIXUL]DWLRQ RI














ýHUQê - 7 3DþHV  $FLGLILFDWLRQ LQ WKH %ODFN 7ULDQJOH
5HJLRQ WK ,QWHUQDWLRQDO &RQIHUHQFH RQ $FLGLF 'HSRVLWLRQ
6FLHQFHDQG3ROLF\3UDJXH
)RWWRYi'$VVHVVPHQWRIPDVVIOX[LQWKHVPDOOFDWFKPHQW
QHWZRUN *(2021 LQ &]HFK UHSXEOLF 06 $QQXDO UHSRUW
&]HFK*HRORJLFDO6XUYH\3UDJXH
+UNDO =  $FLGLILFDWLRQ RI JURXQGZDWHU LQ WKH %RKHPLDQ
0DVVLI1RUJHROXQGHUV%XOOQR
/LVFKHLG*0RULW].%LWWHUVRKO-$OHZHOO&K0DW]QHU(
6LQNV RI DQWKURSRJHQLF QLWURJHQ DQG VXOSKDWH LQ WKH /HKVWHQ




FDWFKPHQW 6RLO 6FLHQWLILF 6RFLHW\$PHULFDQ -RXUQDO 

0DW]QHU ( $OHZHOO & %LWWHUVRKO - /LVFKHLG * .DPPHUHU *




































































LV GRPLQDWHGE\ URFNVRI7ULDVVLF$JH7KHVH URFNV LQFOXGH WKH
:LDQDPDWWD6KDOHVZKLFKRFFXUEHQHDWKWKH&XPEHUODQG3ODLQV





7HUWLDU\DJH SODWHDX EDVDOWV DQG DUH FRQILQHG EHQHDWK WKH
:LDQDPDWWD6KDOHVLQWKHFHQWUDOSDUWRIWKHEDVLQ
7KH 7ULDVVLF VDQGVWRQHV DQG VKDOHV IRUP D FRPSOH[
K\GURJHRORJLFDOHQYLURQPHQWWKDWLVLQWHUHVWLQJDQGHFRQRPLFDOO\
LPSRUWDQW IURP D QXPEHU RI SHUVSHFWLYHV ,Q WKH SODWHDX DUHDV
ERUHKROHV FRPSOHWHG LQ WKH+DZNHVEXU\ 6DQGVWRQH FDQ SURYLGH
PRGHUDWH\LHOGVRISRWDEOHTXDOLW\JURXQGZDWHUIRUERWKGRPHVWLF
DQGDJULFXOWXUDOXVH,QGHHGSURGXFWLRQRIERWWOHGPLQHUDOZDWHU
IURP VDQGVWRQH DTXLIHUV KDV EHFRPH D JURZWK LQGXVWU\ LQ WKHVH
DUHDV *URXQGZDWHU VHHSLQJ IURP ERWK +DZNHVEXU\ DQG
1DUUDEHHQ VDQGVWRQHV LV LPSRUWDQW LQ PDLQWDLQLQJ XQLTXH
KLJKODQGHFRV\VWHPVNQRZQDVKDQJLQJVZDPSVDQGLQSURYLGLQJ
EDVHIORZ WR ORFDO VWUHDPV 7KHUH LV VRPHWLPHV FRQIOLFW EHWZHHQ
WKHVH UHVRXUFH YDOXHV DQG RWKHU HFRQRPLF DFWLYLWLHV VXFK DV
TXDUU\LQJRIVDQGVWRQHDQGEDVDOW:LWKLQWKHFHQWUDOSDUWRIWKH
EDVLQ JURXQGZDWHU KDV OHVV HFRQRPLF DQG HQYLURQPHQWDO YDOXH
EXWFDQEHDVLJQLILFDQWSUREOHPGXULQJGHYHORSPHQWRIWUDQVSRUW
LQIUDVWUXFWXUHSDUWLFXODUO\ WXQQHOVERUHG WKURXJKWKHVDQGVWRQHV
,W LV DOVR D SRWHQWLDO YHFWRU RI FKHPLFDO FRQWDPLQDWLRQ GHULYHG
IURPLQGXVWU\
7KLV SDSHU GLVFXVVHV WKH LQWHUUHODWLRQVKLS EHWZHHQ
K\GURJHRORJ\DQGK\GURFKHPLVWU\LQWKHVDQGVWRQHVDQGVKDOHVRI
WKH6\GQH\%DVLQDQGLVEDVHGRQGDWDGHULYHGIURPDZLGHUDQJH







WKH PDWUL[ RU LQWHUJUDQXODU SHUPHDELOLW\ RI WKH +DZNHVEXU\
6DQGVWRQH LV JHQHUDOO\ ORZ 7KLV LV EHFDXVH LQPRVW VDQGVWRQH
XQLWVWKHSRUHVSDFHLVRFFOXGHGE\DQLQWHUJUDQXODUFHPHQWWKDW
PD\LQFOXGHFOD\PLQHUDOVVLOLFDLURQR[LGHVDQGLURQFDUERQDWHV
7KHUH DUH H[FHSWLRQV DQG UHODWLYHO\ UDUH FRDUVHJUDLQHG XQLWV
ERWK PDVVLYH DQG FRDUVHO\ FURVVEHGGHG PD\ KDYH VLJQLILFDQW
LQWHUJUDQXODU SHUPHDELOLW\ *HQHUDOO\ KRZHYHU JURXQGZDWHU
IORZ RFFXUV DOPRVW HQWLUHO\ WKURXJK VHFRQGDU\ IHDWXUHV VXFK DV
MRLQWVEHGGLQJSODQHVKHDUVDQGRWKHURSHQIUDFWXUHV7KHGLSRI
WKHEHGGLQJZLWKLQWKHVDQGVWRQHWKURXJKRXWWKHEDVLQLVW\SLFDOO\
YHU\ VKDOORZ RI WKH RUGHU RI  RU  GHJUHHV $ FRQYHQWLRQDO
PRGHORIJURXQGZDWHUIORZLQWKH+DZNHVEXU\6DQGVWRQHLVRID
QHWZRUNLQZKLFKKLJKDQJOHMRLQWVFRQQHFWEHGGLQJSODQHVKHDUV
DQG VRPH RSHQ ORZDQJOH MRLQWV *URXQGZDWHU IORZV DORQJ
EHGGLQJ SODQHV XQWLO LW HQFRXQWHUV D YHUWLFDO MRLQW WKHQ PRYHV
GRZQWRWKHQH[WEHGGLQJSODQH
)RU WKLV UHDVRQFRXSOHGZLWK WKHQHDUKRUL]RQWDOEHGGLQJRI
WKHVDQGVWRQHDQGWKHSUHVHQFHRIVRPHQHDUO\LPSHUPHDEOHEHGV
± VKDOHV LURQVWRQH ODPLQDWLRQDQGYHU\ WLJKW VDQGVWRQH OD\HUV±
SHUPHDELOLW\ LQ WKH VDQGVWRQH LV KLJKO\ DQLVRWURSLF 9HUWLFDO
K\GUDXOLF FRQGXFWLYLW\ LV PXFK ORZHU WKDQ ODWHUDO K\GUDXOLF
FRQGXFWLYLW\
,QWKH:LDQDPDWWD6KDOHVSULPDU\SHUPHDELOLW\LVYHU\ORZ
EXW VHFRQGDU\ SHUPDHELOLW\ DVVRFLDWHG ZLWK IUDFWXULQJ FDQ EH
ORFDOO\VLJQLILFDQW
7KHFRQYHQWLRQDOFRQFHSWRIDZDWHUWDEOHRUSKUHDWLFVXUIDFH
EHORZZKLFK WKHSRUH VSDFH DQG DOO IUDFWXUHV DUH VDWXUDWHGZLWK
JURXQGZDWHU GRHV QRW FRUUHVSRQG ZHOO ZLWK REVHUYDWLRQV 
SDUWLFXODUO\ LQ GHHSO\ LQFLVHG WHUUDLQ ± WKDW FORVHO\ VSDFHG
ERUHKROHV PD\ VKRZ ZLGHO\ GLIIHUHQW DQG TXLWH HUUDWLF
JURXQGZDWHU OHYHOV 7KH URFN VXEVWDQFH PD\ KDYH VXFK ORZ
SHUPHDELOLW\ WKDW IUDFWXUHV RU IUDFWXUH V\VWHPV DUH HIIHFWLYHO\
LVRODWHG DQG KDYH ZDWHU OHYHOV WKDW VKRZ RQO\ D YHU\ JHQHUDO
UHJLRQDOSDWWHUQ
7KURXJKRXW WKH6\GQH\EDVLQRSHQVXEKRUL]RQWDOIUDFWXUHV












ELFDUERQDWH ZDWHUV ORZ S+ GRZQ WR 
JHQHUDOO\ XS WR PJ/ GLVVROYHG LURQ
2[LGLVLQJ WR PRGHUDWHO\ UHGXFLQJ
 7\SLFDORIRXWFURSDUHDVZLWKDFWLYH




7\SH,,  +LJK VDOLQLW\ 7'6 VRGLXP
FKORULGH ZDWHUV 1HXWUDO S+ YHU\ KLJK
GLVVROYHG LURQ DQG PDQJDQHVH +LJKO\
UHGXFLQJ ± (K W\SLFDOO\ DURXQG WKH
VXOSKDWH UHGXFWLRQ OHYHO 0D\ KDYH
VLJQLILFDQWK\GURJHQVXOSKLGH
  7\SLFDO RI FRQILQHG FRQGLWLRQV
EHQHDWK:LDQDPDWWD 6KDOHV DQG LQ WKH
FHQWUDO SDUW RI WKH EDVLQ GHSWKV EHORZ
GLVFKDUJH EDVH ZKHUH FRQGLWLRQV DUH





















ZKLFK DUH IUHTXHQWO\ XVHG IRU JDUGHQ LUULJDWLRQ UDWKHU WKDQ
SRWDEOH SXUSRVHV EXW DOVR SURYLGHV ZDWHU IRU OLYHVWRFN 7KH
LQFUHDVLQJ SRSXODULW\ RI ERWWOHG ³PLQHUDO´ ZDWHU KDV VHHQ WKH
GHYHORSPHQW RI QXPHURXV VPDOOVFDOH LQGXVWULDO DEVWUDFWLRQV
SDUWLFXODUO\LQWKH+DZNHVEXU\DUHDWRWKHQRUWKRI6\GQH\
/RFDOO\ZLWKLQWKHVDQGVWRQHVHTXHQFHIRUH[DPSOHVDURXQG
%RZUDO LQ WKH VRXWKHUQ KLJKODQGV DUHDV RI ZHDNO\ FHPHQWHG




6\GQH\¶V ZDWHU VXSSO\ LV SURYLGHG E\ D QXPEHU RI VXUIDFH











HFRV\VWHPV WKDW DUH PDLQWDLQHG E\ JURXQGZDWHU IORZV DQG KDV
LVVXHG D ³JURXQGZDWHU GHSHQGHQW HFRV\VWHPV SROLF\´ WR KHOS
HQVXUH WKHSUHVHUYDWLRQRI VXFK HFRV\VWHPV7KHSULQFLSDO W\SHV
RI JURXQGZDWHU GHSHQGHQW HFRV\VWHPV LQ 16: DUH FRDVWDO
ZHWODQGVDQGKDQJLQJVZDPSVWKHODWWHUDUHPRVWVLJQLILFDQWZLWK
UHJDUGWRWKH+DZNHVEXU\6DQGVWRQH
+DQJLQJ VZDPSV RFFXU DW KLJK OHYHOV RQ WKH VWHHS KLOOVLGHV
DQG FOLIIOLQHV RI WKH 6RXWKHUQ +LJKODQGV +DZNHVEXU\ DQG
SDUWLFXODUO\WKH%OXH0RXQWDLQV7KH\DUHZHWODQGHFRV\VWHPVLQ
DUHDVRWKHUZLVHGRPLQDWHGE\GU\HXFDO\SWYHJHWDWLRQ7KH\PRVW
FRPPRQO\ RFFXU ZKHUH YHUWLFDO JURXQGZDWHU IORZ WKURXJK WKH
VDQGVWRQH LV UHVWUDLQHG E\ FOD\VWRQH LQWHUEHGV D FLUFXPVWDQFH
ZKLFKPD\DOVRDOORZWKHIRUPDWLRQRIPRUHFRKHVLYHDQGIHUWLOH
VRLOV 6RPHWLPHV WKH\ DUH DVVRFLDWHG ZLWK KRUL]RQWDO
JURXQGZDWHUIORZDORQJEHGGLQJSODQHVKHDUV
*URXQGZDWHU DEVWUDFWLRQ XSJUDGLHQW IURPKDQJLQJ VZDPSV
UHGXFWLRQ RI JURXQGZDWHU UHFKDUJH E\ SDYHPHQW VDQGVWRQH
H[WUDFWLRQRUGUDLQDJHZRUNDQGJURXQGZDWHUFRQWDPLQDWLRQFDQ







JURXQG LQIUDVWUXFWXUH 7KLV LQFOXGHV DQ XUEDQ UDLOZD\ V\VWHP
FRQVWUXFWHGSURJUHVVLYHO\RYHU WKHSDVW\HDUVDQGDQXPEHU
RIPRUH UHFHQW DGGLWLRQV LQFOXGLQJ WKH 6\GQH\+DUERXU 7XQQHO
 WKH $LUSRUW 5DLOZD\  (DVWHUQ 'LVWULEXWRU
0RWRUZD\0(DVW0RWRUZD\1RUWKVLGH6WRUDJH
7XQQHO  DQG (QHUJ\ $XVWUDOLD 7XQQHO  &XUUHQWO\




EHHQ FRQVLGHUHG D VHULRXV SUREOHP EXW WLJKW VSHFLILFDWLRQV IRU
UHFHQWSURMHFWVJURXQGZDWHULQIORZOLPLWHGWR/VSHUNPDQG
PDMRU JURXQGZDWHUUHODWHG SUREOHPV ZLWK D QHZ WXQQHO LQ
0HOERXUQH KDYH UHVXOWHG LQ D QHZ IRFXV RQ JURXQGZDWHU LVVXHV
IRUFXUUHQWSURMHFWV
1XPHULFDO PRGHOOLQJ KDV EHHQ XVHG DW WKH GHVLJQ VWDJH WR
SUHGLFWLQIORZVLQWRWKHQHZHUWXQQHOV$48,)(0,02')/2:
DQG6((3:KDYHEHHQXVHGDVZHOODVDQXPEHURIDQDO\WLFDO
PHWKRGV $OWKRXJK D UHDVRQDEOH QXPEHU RI SHUPHDELOLW\
PHDVXUHPHQWV DUH DYDLODEOH IURP SDFNHU WHVWV FRQGXFWHG LQ
JHRWHFKQLFDOLQYHVWLJDWLRQERUHKROHVLWKDVEHHQIRXQGWKDWXVHRI
PHDVXUHGSHUPHDELOLW\YDOXHVJUHDWO\RYHUSUHGLFWVJURXQGZDWHU











KLJK VDOLQLW\ ORZ S+ DQG KLJK GLVVROYHG FDUERQ GLR[LGH RI WKH
ZDWHUPDNHLWH[WUHPHO\DJJUHVVLYHWRFDUERQVWHHOUHLQIRUFHPHQW
,W ZLOO VORZO\ GLVVROYH FRQFUHWH DQGPD\ FDXVH VXOSKDWH VWUHVV
FRUURVLRQ 66& FUDFNLQJ LQ VRPH W\SHV RI VWDLQOHVV VWHHO
3UHFLSLWDWLRQ RI GLVVROYHG LURQ DQG PDQJDQHVH IROORZLQJ JDV
H[FKDQJH ZLWK WKH DWPRVSKHUH OHDGV WR VWDLQLQJ RI LQWHUQDO
VXUIDFHV DQG EORFNDJH RI GUDLQDJH V\VWHPV 7KH ZDWHU DOVR
UHTXLUHV WUHDWPHQW EHIRUH LW FDQ EH GLVFKDUJHG WR VWRUPZDWHU RU
VHZHUV\VWHPV3+5((4&KDVEHHQXVHGWRVWXG\WKHVSHFLDWLRQ
RIGLVVROYHGFRPSRQHQWVLQWKLVZDWHU
7KH SUROLIHUDWLRQ RI GUDLQHG XQGHUJURXQG LQIUDVWUXFWXUH LQ
FHQWUDO 6\GQH\ ZLOO UHVXOW LQ ORQJWHUP ORZHULQJ RI WKH ZDWHU
WDEOH LQ WKH VDQGVWRQH EHQHDWK WKH FLW\ 6XEVLGHQFH LV QRW
JHQHUDOO\DQ LVVXH LQ WKHKLJKVWUHQJWKVDQGVWRQHVEXWKDV WREH
FRQVLGHUHGZKHUH WKHVH DUHRYHUODLQE\ZHDWKHUHG ORZ VWUHQJWK
VDQGVWRQH RU E\ VXSHUILFLDO GHSRVLWV WKDW ZHUH SUHYLRXVO\
VDWXUDWHG,WLVSRVVLEOHWKDWWKHORZHUGLVFKDUJHEDVHZLOOUHVXOWLQ
PRELOLVDWLRQ RI 7\SH ,, JURXQGZDWHU IURP SUHYLRXVO\ VWDJQDQW
DUHDV DOUHDG\ REVHUYHG LQ RQH DUHD DQG IHDVLEOH WKDW VHDZDWHU

















$ E V W U D F W   7KHUHPHGLDWLRQDFWLYLWLHVZHUHFDUULHGRXWDWWKHVLWHFRQWDPLQDWHGE\73+DQG%7(;'XHWRWKHFRPSOH[LW\RIWKH









7KH UHPHGLDWLRQ DFWLYLWLHV ZHUH FDUULHG RXW DW WKH VLWH LQ WKH
VRXWKHUQ SDUW RI WKH &]HFK 5HSXEOLF 7KH VRXUFH RI WKH
FRQWDPLQDWLRQ LV WKH IRUPHU SHWURO VWDWLRQ ZKLFK ZDV
GHFRPPLVVLRQHGVRPH\HDUVDJR7KHSHWUROVWDWLRQFRPSULVHG
D NLRVNZLWK WKH SHWURO SXPS DQG WKH XQGHUJURXQG WDQNV DW WKH
DUHDRIDSSUR[[P














6XVLFH ± 9RWLFH FRPSOH[ RI 0ROGDQXELDQ UHSUHVHQWHG E\
SDUDJQHLVVHV WKDW DUH GHHSO\ZHDWKHUHG DORQJ WKH QHW RI GLYHUVH
ILVVXUHV 4XDWHUQDU\ VHGLPHQWV FRQVLVW RI D GHOXYLDO VRLO DQG
VDQG\FOD\H\HOXYLXPWRWKHGHSWKRI±P
7KH GHSWK WR JURXQGZDWHU LV DSSUR[ RI  P +\GUDXOLF
FRQGXFWLYLW\ RI WKLV VKDOORZXQFRQILQHG IUDFWXUHG DTXLIHU YDULHV
EHWZHHQWRPV
7KHZHOOORJJLQJZDVXWLOL]HGIRU WKHFKDUDFWHUL]DWLRQRI WKH
K\GURJHRORJLFDO FRQGLWLRQV 7KH PHDVXUHPHQWV LQGLFDWHG WKH
SUHVHQFH RI QRW LQWHUFRQQHFWHG ILVVXUHV H[FHSW WKH SHUPHDEOH

















7KH V\VWHP RI WKH UHPHGLDWLRQ DW WKH VLWH LV SHUIRUPHG DV WKH
FRPELQDWLRQ RI WKH IROORZLQJ IRXU PHWKRGV  SXPS 	 WUHDW
PHWKRG  ELRYHQWLQJ  HQKDQFHG ELRGHJUDGDWLRQ DQG  DLU
VSDUJLQJ










DQG DQ HOHFWURQ DFFHSWRU R[\JHQ ZHUH DGGHG 7KHPL[WXUH RI
WKHWUHDWHGZDWHUQXWULHQWVDQGHOHFWURQDFFHSWRUZDVGLVFKDUJHG
LQWR WKH WUHQFK XSVWUHDP RI WKH JURXQGZDWHU IORZ $OO WKUHH
UHPHGLDWLRQ ZHOOV ZHUH DGMXVWHG IRU ELRYHQWLQJ VRLO YDSRU
H[WUDFWLRQ WKDWZDV FDUULHG RXW LQ WKH ]RQH RI WKH JURXQGZDWHU
GUDZGRZQFDXVHGE\WKHSXPSLQJ)XUWKHUDLUZDVLQMHFWHGLQWR
WKHDTXLIHUWKURXJKWKUHHDLUVSDUJLQJZHOOV7KHEXEEOLQJRIWKH
DLU WKURXJK WKH VDWXUDWHG ]RQH FDXVHG VWULSLQJ RI DURPDWLF
K\GURFDUERQV %7(; LH WKHLU WUDQVLWLRQ LQWRDJDVHRXVSKDVH
7KH FRQWDPLQDWLRQ LQ WKH JDV SKDVH ZDV FDSWXUHG E\ WKH
FRPELQHGUHPHGLDWLRQZHOOV
'XHWRWKHSUHVHQFHRIWKHQHWRIQRWLQWHUFRQQHFWHGILVVXUHV
WKH HPSODFHPHQW RI ZDWHU SXPSV LQ WKH LQGLYLGXDO UHPHGLDWLRQ







DIWHU RQH PRQWK ZLWKRXW WKHLU H[FHHGLQJ GXULQJ WKH UHVW RI WKH
UHPHGLDWLRQ SURFHVV ,Q WKH FDVH RI ZHOO 5 WKH VLJQLILFDQW
IOXFWXDWLRQRIEHQ]HQHDQG73+FRQFHQWUDWLRQLQWKHJURXQGZDWHU
ZLWK WKH SHDNV PDQLIROG H[FHHGLQJ WKH FOHDQXS OLPLWV ZDV
REVHUYHG1HYHUWKHOHVV WKH FOHDQXS OLPLWZDV UHDFKHG DIWHU 
PRQWKRIUHPHGLDWLRQWKHGHFUHDVLQJWUHQGRIWKHFRQWDPLQDWLRQ
GHYHORSPHQW FRXOG EH WUDFHG 7KH 73+ DQG EHQ]HQH












UHPHGLDWLRQ WKH FOHDQXS OLPLWV ZHUH UHDFKHG ZLWKLQ  \HDUV
GHVSLWH RI WKH FRPSOH[ K\GURJHRORJLFDO FRQGLWLRQV VWURQJO\
KHWHURJHQHRXVIUDFWXUHGURFNZLWKQRWLQWHUFRQQHFWHGILVVXUHVDQG



















$ E V W U D F W   $W PDQ\ LQGXVWULDO VLWHV DQG ZDVWH GLVSRVDO VLWHV LQ WKH &]HFK 5HSXEOLF FKURPLXP KDV EHHQ UHOHDVHG LQWR WKH










G\QDPLF HUD DFFRPSDQLHG DPRQJ RWKHU WKLQJV E\ WKH VWRUP\
GHYHORSPHQW RI QHZ WHFKQRORJLHV GHVLJQHG QRW RQO\ IRU
IDFLOLWDWLRQ RI FRPPRQ OLIH EXW HYHQ IRU VXFK D VSHFLDOL]HG
EUDQFKDVFRQWDPLQDWLRQK\GURJHRORJ\VXUHO\LV$QLQWHJUDOSDUW
RIWKHHQYLURQPHQWDOFUHDWLRQDQGSURWHFWLRQSURFHVVLQWKH&]HFK
5HSXEOLF LV DOVR WKH UHPRYLQJ RI DQWKURSRJHQLF SROOXWLRQ IURP
WKHURFNHQYLURQPHQWDQGJURXQGZDWHU
7KLV DUWLFOH GLVFXVVHV D FDVH VWXG\ RI WKH LQQRYDWLYH
WHFKQRORJ\JHRFKHPLFDOVWDELOL]DWLRQRIKH[DYDOHQWFKURPLXPLQ
JURXQGZDWHUDWWKHWHVWVLWHZKHUHFKURPLXP&U9,ZDVXVHGIRU
WKH FKURPHSODWLQJ RI WRROV &RQVHTXHQWO\ WKH HQYLURQPHQW
VDWXUDWHG DQG XQVDWXUDWHG ]RQHV KDV EHHQ FRQWDPLQDWHG E\
KH[DYDOHQW FKURPLXP GXH WR SRRU PDQDJHPHQW RI FKHPLFDO
DJHQWV&RQFHQWUDWLRQVRI&U9, LQ WKHXQVDWXUDWHG]RQHH[FHHGHG
  PJ.J RI VRLO ,Q WKH YLFLQLW\ RI WKH VRXUFH ]RQH
LQYHVWLJDWLRQSURYHG WKHH[WHQWRI WKHSOXPH WR WKHJURXQGZDWHU
OHYHO DSSUR[ PHWHUV EHORZ WKH VXUIDFH7KHPDLQ VRXUFH RI
FRQWDPLQDWLRQZDVOHDNLQJVHZHUDJH
&RQWDPLQDWLRQ RI JURXQGZDWHU LV ERXQG LQ WKH GHHSHU DQG














ORFDO SHQHWUDWLRQ RI VSLOLWH DQG TXDUW] SRUSK\U\ 7KH IUDFWXUHG
URFNSHUPHDELOLW\LVGRPLQDQWLQWKLVXQLW
7KH FRQWDPLQDWLRQ LV VSUHDG LQ ERWK JHRORJLFDO DQG






$ IHZ UHPHGLDWLRQ WHFKQRORJLHV ZHUH XVHG DW WKH VLWH
&RQWDPLQDWHG VRLO XQVDWXUDWHG ]RQH QHDU WKH VXUIDFH ZDV
H[FDYDWHG 7KH DPRXQW RI H[FDYDWHG FRQWDPLQDWHG VRLO ZDV
DSSUR[  WRQV &RQWDPLQDWHG JURXQGZDWHU ZDV SXPSHG DQG
WUHDWHG WKURXJKDQ LRQH[FKDQJHXQLW7KLV WHFKQRORJ\ LVVWLOO LQ
XVH 7KH SUREOHP OLHV LQ WKH GHHSHU DQG IUDFWXUHG SDUW RI WKH
DTXLIHU7UDGLWLRQDOSXPS	WUHDWWHFKQRORJ\LVQRWYHU\HIIHFWLYH
LQ WKLV W\SH RI PHGLD 7KLV LV WKH UHDVRQ ZK\ JHRFKHPLFDO
VWDELOL]DWLRQZDV VHOHFWHG DV DQ DOWHUQDWLYH UHPHGLDO WHFKQRORJ\
VHH)LJ
7KHJRDORIWKLVWHFKQRORJ\LVWRVWDELOL]HWKHVRXUFH]RQHRI
&U9, LQ JURXQGZDWHU DQG FRQWDPLQDWHG VRLO LQWR WKH PRUH
WKHUPRG\QDPLFDOO\ VWDEOH &U,,, IRUP 7KH UHGXFHG FKURPLXP LV




LV PL[HG ZLWK D UHGXFWDQW WR UHGXFH DQ\ UHVLGXDO &U9,
FRQWDPLQDWLRQUHPDLQLQJLQWKHLQWHUVWLWLDOZDWHU7KHVXFFHVVRI








6SHFLDO HPSKDVLV ZDV GHYRWHG WR WKH GHVLJQ RI LQMHFWLRQ DQG
H[WUDFWLRQZHOOV7KHUHLVRQHJURXSRIVPDOOGLDPHWHULQMHFWLRQ
ZHOOV DW WKH VLWH 7KHVH ZHOOV DUH VLWXDWHG LQ WKH IRUPHU VRXUFH
]RQHDQGUHDFKWRDIHZPHWHUVDERYHWKHJURXQGZDWHUWDEOH
*UDYLWDWLRQDO LQMHFWLRQ ZDV VHOHFWHG DV WKH EHVW DQG PRVW
HIIHFWLYH VROXWLRQ IRU WKH XQVDWXUDWHG ]RQH ZKLFK LV
SUHGRPLQDQWO\PDGHXSRIVDQG\JUDYHOVHGLPHQWV
7KH H[WUDFWLRQ ZHOOV DUH VLWXDWHG LQ WKH GLUHFWLRQ RI WKH






/DERUDWRU\ WHVWZHUHSHUIRUPHGSULRU WRSUDFWLFDO DSSOLFDWLRQRI
VWDELOL]DWLRQ RQ VLWH 7KH FROXPQ WHVW ZDV VHOHFWHG DV WKH EHVW
VLPXODWLRQ RI ³UHDO´ FRQGLWLRQV:DWHU DQG VRLO VDPSOHV IRU WKH
WHVW ZHUH FROOHFWHG RQ VLWH )RXU UHGXFWDQWV ZHUH WHVWHG DW WKH
EHJLQQLQJ 6RGLXP S\URVXOSKLWH JDYH WKH EHVW UHVXOWV 7KLV
FKHPLFDODJHQWLVYHU\ZHOONQRZQIURPZDVWHZDWHUWUHDWPHQWLW








VWDUW DQG DIWHU WKH HQG RI WKH FROXPQ WHVW ,Q WKLV FDVH ZH
PHDVXUHG FRQFHQWUDWLRQV RI FDWLRQV 1+ &D0J.0Q1D
)H DQLRQV &O1212 )+3262&UWRWDO&U VXOSKLWH
DQG S+ 7KLV PRUH GHWDLOHG PHDVXULQJ ZDV PDLQO\ XVHG IRU







$IWHU ODERUDWRU\ WHVWV LQFOXGLQJ FROXPQ DQG OHDFKLQJ WHVWV

























+HQGHUVRQ 7  *HRFKHPLFDO 5HGXFWLRQ RI +H[DYDOHQW





3LWWHU 3  +\GURFKHPLH 9â&+7 3UDKD  Y\GiQt ,6%1
LQF]HFK
86 (3$  ,Q 6LWX 7UHDWPHQW RI 6RLO DQG *URXQGZDWHU























$ E V W U D F W   3RWDEOH ZDWHU WR WKH +HOVLQNL PHWURSROLWDQ DUHD LQ )LQODQG LV FRQYH\HG DORQJ WKH PRVWO\ XQOLQHG URFNVXUIDFHG
3lLMlQQH 7XQQHO 7ZR FDYHLQV LQ UHFHQW \HDUV DQG WKH LQVSHFWLRQ SUHFHGLQJ WKH UHSDLU RI WKH QRUWKHUQ SDUW RI WKH WXQQHO LQ 
GHPRQVWUDWHLPSDLUPHQWRILWVFRQGLWLRQSUREDEO\LQIOXHQFHGE\WKHORZLQLWLDOOHYHORIUHLQIRUFHPHQW0RVWRIWKHGDPDJHVZKLFK
FRQFHQWUDWH WR ]RQHV RI H[LVWLQJ ZHDNQHVV DQG XQOLQHG VHFWLRQV UHVXOW IURP ZHDWKHULQJ VZHOOLQJ FOD\V HURVLRQ DQG FKDQJHV LQ
JURXQGZDWHU RU SUHVVXUH FRQGLWLRQV 7KH PDLQ WULJJHULQJ IDFWRU LV ZDWHU WKDW IORZV ERWK LQ WKH WXQQHO DQG LQ WKH IUDFWXUHV RI WKH








7KH  NP 3lLMlQQH 7XQQHO DQ XQOLQHG SUHVVXUL]HG EHGURFN
WXQQHOLQ3UHFDPEULDQJUDQLWHDQGPLJPDWLWHVFRQYH\LQJSRWDEOH
ZDWHU WR WKH+HOVLQNLPHWURSROLWDQ DUHD LQ )LQODQG LV VXEMHFW WR
GHWHULRUDWLQJ HIIHFWV RI URFN SUHVVXUH JURXQGZDWHU FLUFXODWLRQ
DQGSUHVVXUHVH[HUWHGE\ZDWHUEHLQJFRQYH\HG ,Q WKHSODQQLQJ
VWDJH LWZDVH[SHFWHG WKDW WKHH[FDYDWLRQRI WKH WXQQHO LQ
ZRXOGDFWLYDWHJURXQGZDWHUFLUFXODWLRQLQWKHIUDFWXUH

)LJXUH  6SDWLDO UHODWLRQVKLSV RI LQWHUSUHWHG IUDFWXUH ]RQHV
ORFDWLRQV RI PHDVXUHG JURXQGZDWHU LQIORZ VWHHOVXSSRUWHG




]RQHV HQKDQFLQJ ZHDWKHULQJ 1LLQL  *URXQGZDWHU LQIORZ
LQWR WKH WXQQHO FDXVHG E\ WKH WXQQHO ZDWHU¶V SUHVVXUH EHLQJ
PRVWO\ ORZHU WKDQ JURXQGZDWHU WDEOH LV HVWLPDWHG WR EH 
/PLQPRQDYHUDJHZKLOHLQXVH369$PGURS
LQWKHZDWHUSUHVVXUHIURPQRUWKWRVRXWKDWWKHSXPSLQJVWDWLRQ
ORFDWHG  NP IURP WKH WXQQHO¶V VRXWKHUQ HQG LV H[SHFWHG WR
DIIHFW WKH UDWH RI LQIORZ WKURXJK D FKDQJH LQ WKH K\GUDXOLF
JUDGLHQW 7KH WZR PRUH VXEVWDQWLDO FDYHLQV LQ  DQG 
RFFXUUHG LQ IUDFWXUHG DQG LQDGHTXDWHO\ UHLQIRUFHG ]RQHV RI
ZHDNQHVVLQEHGURFNLQIHUUHGKDYLQJEHHQH[SRVHGWRZDVKLQJRI
FOD\ IURP IUDFWXUHV E\ IORZLQJ ZDWHU 6ZHOOLQJ FOD\ HURVLRQ
FDXVHGE\ZDWHUIORZLQWKHWXQQHODQGFKHPLFDOZHDWKHULQJDUH
IDFWRUV WKDW PD\ FDXVH FDYHLQV WR RFFXU 0LNNROD DQG 9LLWDOD
 'XULQJ WKH UHSDLU LQVSHFWLRQ LPSDLUPHQW RI WKH WXQQHO
V
FRQGLWLRQ ZDV REVHUYHG SDUWLFXODUO\ ZKHUH H[WHQVLYH IUDFWXUH
]RQHVLQWHUVHFWWKHWXQQHO0RVWRIWKHEORFNVGHWHFWHGKDGIDOOHQ
ZLWKLQ ]RQHV WKDW ODFNHG UHLQIRUFHPHQW 0DQQLQHQ  7KH
LQLWLDO UHLQIRUFHPHQW ZKLFK QRZ LV FRQVLGHUHG TXLWH VSDULQJ
LQFOXGHG VKRWFUHWH DQG URFN EROWV ,Q ORFDWLRQV RI SRRU URFN
TXDOLW\UHLQIRUFHGFRQFUHWHZLWKUHEDUVRUVWHHOQHWWHGVKRWFUHWH
ZDVDSSOLHG3RNNL*HRORJLFDOFKDUDFWHULVWLFVRIORFDWLRQV
RI EORFNIDOOV ZHUH VWXGLHG WR WHVW D OLNHO\ LQIOXHQFH RI WKH
GLVWULEXWLRQ RULHQWDWLRQ DQG K\GUDXOLF DFWLYLW\ RI IUDFWXUH ]RQHV
FXWWLQJWKHWXQQHORQWKHRFFXUUHQFHRIGDPDJH$VWKHVRXWKHUQ







$6, 0LNNROD DQG9LLWDOD7KHQXPEHUDQGVL]HRI IDOOHQ
EORFNV ZDV HVWLPDWHG IURP WKH YLGHR UHFRUGLQJ DQG XVHG LQ
SODQQLQJ WKH UHSDLU RI WKH WXQQHO
V QRUWKHUQ  NPZKLFK WRRN
SODFHLQ7KHWRWDOQXPEHURIEORFNVHVWLPDWHGIRU
PIURPWKHVRXWKHUQHQGRIWKHWXQQHOLQFOXGHVWKHRQHV
OHIW O\LQJ DIWHU WKH WXQQHOZDV FOHDUHG IRU XVH IRU WKH ILUVW WLPH
6RPH EORFNV ZHUH SUREDEO\ ORRVHQHG E\ GULOOLQJ DQG EODVWLQJ
GHVSLWH VFDOLQJ DQG IHOO DIWHUZDUGV 7KH RFFXUUHQFH RI ODUJH
EORFNVFPRUPRUHLQOHQJWKLVFRQVLGHUHGWREHWWHULQGLFDWH
GDPDJH LQ WKH WXQQHO WKDQ WKH WRWDO QXPEHU RI EORFNVPDQ\ RI
ZKLFK DUH VPDOO OHVV WKDQ  FP LQ GLDPHWHU 7KH FRYHUDJH RI
WKLVODUJHEORFNGDWDH[WHQGVVRXWKIURPNPDQGQRUWKIURP
NP7KHQXPEHURIODUJHEORFNIDOOORFDWLRQVZDVXVHGLQVWHDGIRU
VRPH FRPSDULVRQV 7KH DFFXUDF\ RI WKH GLVWDQFH PHDVXUHPHQW
UDQJHVJHQHUDOO\PEXWFDQEHDVPXFKDVP
7KH PHDVXUHG LQIORZV UHSUHVHQW WKH VLWXDWLRQ ZKHQ WKH
JURXQGZDWHU OHYHO ZDV NHSW ORZ E\ SXPSLQJ DQG VWHHSHU
K\GUDXOLF JUDGLHQW HQKDQFHG WKH LQIORZ 7KH FXUYHV RI LQIORZ

PHDVXUHGZLWKZHLUV GXULQJ WKH FRQVWUXFWLRQZHUH DYDLODEOH IRU
WKH WXQQHO VHFWLRQV  7KH  UHFRUGHG ORFDWLRQV RI
DEXQGDQW LQIORZIURPNPVRXWKZDUGVKDYHHVVHQWLDOO\EHHQ
WUHDWHG LQ WKH VSDWLDO DQDO\VLV DV SRLQW GDWD OLQNHG WR WKH PLG
SRLQW 7KH ORFDWLRQV RI FDYHLQV DQG ODUJH EORFNIDOOV ZHUH
YLVXDOLVHG LQ *,6 DJDLQVW WKH EDFNJURXQG RI D GLJLWDO HOHYDWLRQ
PRGHOGRPLQDQWFOHDYDJHVWULNHVDQGOLQHVUHSUHVHQWLQJIUDFWXUH
]RQHV )LJ 7RSRJUDSK\ VHLVPLF VRXQGLQJ SURILOHV DQG
REVHUYDWLRQVIURPWKHWXQQHOZHUHXVHGLWHUDWLYHO\LQWKHIUDFWXUH
]RQH LQWHUSUHWDWLRQ /LSSRQHQ  'HVSLWH WKH SRVVLEOH
LQIOXHQFH RI GLIIHUHQW SUDFWLFHV RI FRQWUDFWRUV VWHHOQHWWHG RU
EROWHG UHLQIRUFHPHQW LV FRQVLGHUHG WR LQGLFDWH ZHDNQHVV LQ
EHGURFN TXLWH ZHOO (DFK VHJPHQW  WR  P LQ OHQJWK ZDV
UHSUHVHQWHG E\ LWV PLGSRLQW LQ WKH VSDWLDO DQDO\VLV 'XH WR WKH










RI UHLQIRUFHG OHQJWK  GLVWLQJXLVKLQJ SODLQ VKRWFUHWH DQG
VWHHOVXSSRUWHGUHLQIRUFHPHQWIRUILYHWXQQHOVHFWLRQV

U  H[SODLQLQJ  RI WKH YDULDWLRQ DQG SDUWLFXODUO\ZLWK
WKH SURSRUWLRQ RI VWHHOVXSSRUWHG UHLQIRUFHPHQW U 
H[SODLQLQJ  RI WKH YDULDWLRQ )RU WKH VRXWKHUQ SDUW WKH
UHLQIRUFHPHQWDW LWVKLJKHVWRQO\H[SODLQVOLWWOHPRUHWKDQRI
WKH YDULDWLRQ LQ WKH UDWH RI LQIORZ 'HVSLWH WKH VDPH OHYHO RI
UHLQIRUFHPHQWLQVHFWLRQVDQG)LJ
WKHUH LV D   GLIIHUHQFH LQ WKH WRWDO DPRXQW RI EORFN IDOOV
LQGLFDWLQJRWKHUFRQWULEXWLQJIDFWRUV7KHODWWHUVHFWLRQKDVDKLJK
YROXPHRILQIORZ/PLQPGXULQJFRQVWUXFWLRQZKHUHDV
LQ WKH IRUPHU WKH LQIORZPHDVXUHG ORZ2I WKH VHFWLRQV 
 WKH RQHV ZLWK UHODWLYHO\ OLWWOH VWHHOVXSSRUWHG
UHLQIRUFHPHQWKDYHWKHKLJKHVWQXPEHURIEORFNIDOOV
2I WKH  ORFDWLRQV RI ODUJH EORFN IDOOV ZHUH FORVHU
WKDQPWRWKHLQWHUSUHWHGIUDFWXUH]RQHVFORVHUWKDQ
P RU ZLWKLQ D GLVWDQFH RI P 7KH SUR[LPLW\ WR
IUDFWXUH]RQHVQRWIXOO\H[SODLQLQJWKHRFFXUUHQFHRIIDOOVPD\EH
DIIHFWHGE\ UHLQIRUFHPHQWRI IUDFWXUH]RQH LQWHUVHFWLRQVRU 
KRUL]RQWDO GLVSODFHPHQW RI WKHLU VXUIDFH SURMHFWLRQV IURP WKH
WXQQHOGHSWK P ,QPHDVXUHVRID IUDFWXUH]RQHYDOOH\
1LLQLRUPIURPWKHFHQWUHFDQLQPDQ\RFFDVLRQV
EH ZHOO ZLWKLQ WKH IUDFWXUHG ]RQH $ VPDOO DQJOH EHWZHHQ WKH
WXQQHO¶V RULHQWDWLRQ DQG WKH VWULNH RI FOHDYDJH VHHPV WR EH
DVVRFLDWHG ZLWK ODUJH EORFN IDOOV RXW RI  IDOOV LQ  WKH
DQJOH LV VPDOOHU RU HTXDO WR  GHJUHHV LQ   WKH DQJOH LV
ZLWKLQGHJUHHVRULQZLWKLQGHJUHHV7KHGRPLQDQFH
RI VWHHSO\GLSSLQJ FOHDYDJHV DW IDOO ORFDWLRQV SUREDEO\ VLPSO\
UHIOHFWVWKHVWUXFWXUDOJHRORJ\RIWKHWXQQHOOLQH
7KHRFFXUUHQFHRIODUJHEORFNIDOOVSHUWXQQHOVHFWLRQVKRZVD
ZHDN QHJDWLYH FRUUHODWLRQ ZLWK WKH DPRXQW RI VWHHOVXSSRUWHG
UHLQIRUFHPHQW Q  1R OLQHDU FRUUHODWLRQ ZDV REVHUYHG IRU
DYHUDJH YDOXHV RI WXQQHO VHFWLRQV $ WKLUG RI ODUJH EORFN IDOOV
Q REVHUYHGZLWKLQWKHPHDVXUHGLQIORZFRYHUDJHLVZLWKLQ
 P RI DQ LQIORZ DQG   DUH ZLWKLQ  P :KHQ WKH
RULHQWDWLRQ RI IUDFWXUH ]RQHV FORVHVW WR PHDVXUHG LQIORZV ZDV
DQDO\VHG Q  VRPHRI WKHKLJKHVW UDWHVRI LQIORZDSSHDU WR
EH DVVRFLDWHG ZLWK IUDFWXUH ]RQHV VWULNLQJ 1: RU (1( 7KH
KLJKHVWRIWKHLQIORZUDWHVRFFXUUHGZLWKLQPRIIUDFWXUH
]RQHV1RFRQVLVWHQWFRQQHFWLRQZDVREVHUYHGEHWZHHQDEXQGDQW





*URXQGZDWHU LQIORZV FOHDYDJH VWULNH VXESDUDOOHO WR WKH WXQQHO
DQG RFFXUUHQFH RI EORFN IDOOV RXWVLGH WKH KHDYLO\ VXSSRUWHG
VHFWLRQVZHUHLGHQWLILHGFKDUDFWHULVWLFRIVHYHUDOLQGLYLGXDOWXQQHO
VHFWLRQV LQ ZKLFK ODUJH EORFN IDOOV KDG RFFXUUHG LQ D JUHDWHU
QXPEHU 1RW DOO ORFDWLRQV WKDW RQ WHFKQLFDO JURXQGV UHTXLUH
VXSSRUW KDYH DVVRFLDWHG JURXQGZDWHU LQIORZ EXW DQ LQFUHDVHG
DPRXQW RI IUDFWXULQJ LQ EHGURFN JHQHUDOO\ SURYLGHV PRUH IORZ
SDWKVWRZDWHU2QO\LQWKHQRUWKHUQSDUWRIWKHWXQQHOZKHUHWKH
SUHVVXUHGLIIHUHQFHWRJURXQGZDWHUDQGUDWHVRILQIORZLQJHQHUDO
DUHKLJKHU VLJQLILFDQWFRUUHODWLRQRI UHLQIRUFHPHQWZLWK WKH UDWH
RI LQIORZ FRXOG EH GHPRQVWUDWHG%RWK WKH IDOOV RI ODUJH EORFNV
DQG D KLJK LQIORZ DUH WR VRPH H[WHQW FRQQHFWHG WR KHDY\
UHLQIRUFHPHQWLQGLFDWLYHRIZHDNQHVVLQEHGURFNVXFKDVIUHTXHQW
IUDFWXULQJ$VDGLUHFWFRUUHODWLRQEHWZHHQ WKH WZRFRXOGQRWEH
GHPRQVWUDWHG KHUH LW FDQQRW EH VWDWHG WKDW EORFN IDOOV KDG
SUHIHUHQWLDOO\ RFFXUUHG LQ K\GUDXOLFDOO\ DFWLYH WXQQHO VHFWLRQV
7KLVPD\EHDIIHFWHGE\DYHUDJLQJRIWKHKLJKO\ORFDOLVHGLQIORZV
DQGEORFNIDOOVRYHUNPWXQQHOGULYHV
(YHQ ZKHQ VHDOHG WR OHDFKLQJ JURXQGZDWHU IORZ E\
ZHDWKHULQJ LQWR FOD\ D IUDFWXUH LV VWLOO SURQH WR SK\VLFDO
ZHDWKHULQJ FDXVHG E\ WKH WXQQHO ZDWHU XQOHVV FRYHUHG E\
SURWHFWLQJ VKRWFUHWH )UDFWXUH ]RQHV WKDW DSSHDU DV OLQHDU
GHSUHVVLRQV LQ WRSRJUDSK\ DUH SRWHQWLDOO\ GLIILFXOW IURP WKH
WHFKQLFDO VXSSRUW RU JURXQGZDWHU LQIORZPDQDJHPHQW SRLQWV RI




DW PDQ\ ORFDWLRQV SDUWLFXODUO\ LQ JUDQLWLF URFNV 7KH K\GUDXOLF
SURSHUWLHV RI IUDFWXUH ]RQHV DUH LQIHUUHG WR FRQWULEXWH WR WKH
GHWHULRUDWLRQRIWXQQHOEXWDVDUHODWLYHO\PLQRUIDFWRUFRPSDUHG
ZLWKWKHWHFKQLFDOVXSSRUWVROXWLRQVDQGVWUXFWXUDORULHQWDWLRQ)RU
PLWLJDWLQJ GDPDJH WKURXJK DSSURSULDWH UHLQIRUFHPHQW IUDFWXUH
]RQHVHVSHFLDOO\ZLWKDVVRFLDWHGLQIORZVKRXOGEHLGHQWLILHGDQG
FKDUDFWHULVHG 7KH GHWHULRUDWLRQ RI WKH 3lLMlQQH 7XQQHO
GHPRQVWUDWHV WKDW WKHG\QDPLF HQYLURQPHQW FDXVHVPDLQWHQDQFH
QHHGWRHPHUJHDOEHLWQRWIUHTXHQWO\,WWRRN\HDUVRIFRQVWDQW
XVH EHIRUH WKH ILUVW VXEVWDQWLDO FDYHLQ WRRN SODFH DQG WKH





/LSSRQHQ $  'HWHFWLRQ RI SRWHQWLDO SDWKZD\V IRU
FRQWDPLQDQWV LQWR WKH 3lLMlQQH WXQQHO LQ )LQODQG *HRORJLFDO
6XUYH\RI1RUZD\%XOOHWLQ
0DQQLQHQ 6  9HVLWXQQHOHLGHQ YDXULRLWXPLVSURVHVVLW
(QJOLVKDEVWUDFW)DLOXUHSURFHVVHVRIZDWHUWXQQHOV+HOVLQNL
8QLYHUVLW\RI7HFKQRORJ\/DERI5RFN(QJLQHHULQJSS
0LNNROD -9LLWDOD5 3LWNLHQYHVLWXQQHOHLGHQ VRUWXPDW MD
OXMLWXV (QJOLVK DEVWUDFW &DYHLQV DQG UHLQIRUFHPHQW LQ ORQJ
ZDWHU WXQQHOV +HOVLQNL &LW\ 5HDO (VWDWH 'HSDUWPHQW
*HRWHFKQLFDO'LYLVLRQ*HRWHNQLVHQRVDVWRQWLHGRWHSS

































)LQODQG KDV EHHQ VXEMHFW WR H[WHQVLYH ILHOG DQG PRGHOOLQJ
UHVHDUFKFRQGXFWHGE\WKH)LQQLVKQXFOHDUZDVWHFRPSDQ\3RVLYD
2\2QHRIWKHUHVHDUFKSURJUDPPHVLQFOXGHVWKHFRQVWUXFWLRQRI
D FRPSOH[ V\VWHP RI GULIWV LQ WKH FU\VWDOOLQH IUDFWXUHG JUDQLWLF
EHGURFN FRQVLVWLQJ RI D GRZQZDUG VSLUDOOLQJ DFFHVV WXQQHO D
YHQWLODWLRQVKDIWDQGUHVHDUFKIDFLOLWLHVDWPDQGPEHORZ
VHD OHYHO 7KH FRQVWUXFWLRQ DQG WKH RSHUDWLRQ RI WKHVH IDFLOLWLHV
FRQVWLWXWH D PDMRU K\GUDXOLF VWUHVV IRU WKH VLWH
V JURXQGZDWHU
UHJLPH
,Q WKLV VWXG\ ZH DVVHVVHG WKH K\GUDXOLF LPSDFW RI WKH GULIW
V\VWHPZLWKDQXPHULFDOPRGHO7KHHYROXWLRQRIWKHGHSUHVVLRQ
DUHD RI LUUHJXODU VKDSH ZDV VLPXODWHG LQ D KHWHURJHQHRXV
JHRORJLFDOHQYLURQPHQWDQGLWVKRUL]RQWDODQGYHUWLFDOH[WHQWZDV
GHWHUPLQHG 7KH QXPHULFDO WRROV IRU WKH VLPXODWLRQV ZHUH
GHYHORSHGDW9773URFHVVHV
,QIDFWWKHVKDSHRIWKHVDWXUDWHG]RQHLQFOXGLQJLWVPRYLQJ
XSSHU ERXQGLQJ VXUIDFH ZDV VLPXODWHG LQ D WLPHGHSHQGHQW
PDQQHU(DFKWLPHVWHSFRQVLVWHGRIDPHVKLQJSKDVHDQGDILQLWH
HOHPHQWDQDO\VLVSKDVH7KHWZRSKDVHVSURYLGHGWKHGLVFUHWLVHG
FRPSXWDWLRQDO GRPDLQ DQG LWV XSGDWHG XSSHU ERXQGDU\
UHVSHFWLYHO\WRHDFKRWKHU
,Q WKHPHVKLQJ SKDVH WKHPRGHOOHG YROXPHZDV UHFXUVLYHO\
VXEGLYLGHGLQWRDVHWRIFXEHVXVLQJWKHHIILFLHQWRFWUHHDOJRULWKP
/RFDO UHILQHPHQWZDV GHYHORSHG DURXQG QDWXUDO DQG HQJLQHHUHG
EHGURFNVWUXFWXUHVDVZHOODVDWWKHDFWXDOIUHHVXUIDFH7KHFXEHV
ZHUH FRQYHUWHG LQWR WHWUDKHGUD WKDW DUH DSSOLFDEOH LQ ILQLWH
HOHPHQW FDOFXODWLRQV ,GHQWLILHG ODUJH IUDFWXUH ]RQHV ZHUH
UHSUHVHQWHG ZLWK WULDQJOHV RI JLYHQ K\GURORJLF SURSHUWLHV EHILW




,Q WKH ILQLWH HOHPHQW DQDO\VLV SKDVH WKH K\GUDXOLF KHDG
GLVWULEXWLRQ ZDV GHWHUPLQHG ZLWK D WZRVWDJH LPSOLFLW VFKHPH
VXJJHVWHG E\ +X\DNRUQ DQG 3LQGHU  7KH GULIWV ZHUH
UHSUHVHQWHGZLWKSUHVFULEHGFRQVWDQWKHDGERXQGDU\FRQGLWLRQVDW
WKH QRGHV IDOOLQJ DORQJ WKHLU JHRPHWU\ $W WKH HQG RI WKH WLPH
VWHS WKH QHZSRVLWLRQ RI WKH IUHH VXUIDFHZDV XSGDWHGZLWK WKH
K\GUDXOLFKHDGILHOGDWWKHDFWXDOQRGHVRIWKHIUHHVXUIDFH7KLV
SURFHVVZDVUHSHDWHGXQWLOWKHIUHHVXUIDFHUHDFKHGDQHTXLOLEULXP
SRVLWLRQ LQ ZKLFK WKH VDWXUDWHG ]RQH UHFHLYHG DV PXFK ZDWHU
IURPLWVH[WHUQDOERXQGDULHVDVLWORVWWKURXJKLWVLQWHUQDOVLQNV
:H IRXQG WKDW ZLWKRXW JURXWLQJ WKH GULIW ZDOOV WKH IUHH
VXUIDFHVDQNLQWRDGHSWKRIDERXWPEHORZVHDOHYHOZKLOH
ZLWK JURXWLQJ PRGLI\LQJ WKH K\GURORJLF SURSHUWLHV RI WKH
HOHPHQWVDGMDFHQWWRWKHGULIWZDOOVWKLVLPSDFWFDQEHGHFUHDVHG
E\ DQ RUGHU RI PDJQLWXGH  P 7KH VLPXODWHG UHVXOWV
TXDOLWDWLYHO\DJUHHZLWKILHOGFRQGLWLRQVREVHUYHGLQVLPLODUURFN

























$ E V W U D F W   7KHJHRORJ\RI7\URO LVDFRPSOH[VWDFNRIQDSSHVFRQVLVWLQJRIPDLQO\ ORZDQGKLJKJUDGHPHWDPRUSKLF URFNVRI
PDJPDWLF YROFDQLF DQG VHGLPHQWDU\RULJLQDQG VHGLPHQWDU\ URFNVRIPDULQHDQG WHUUHVWULDORULJLQ WKH UHVXOWRI FRPSUHVVLRQDO DQG
H[WHQVLRQDOSRO\SKDVHGGXFWLOHDQGEULWWOHSKDVHVRIGHIRUPDWLRQUHODWHGWRWKHYDULRXVVWDJHVRIWKHRQJRLQJ$OSLQH2URJHQ\7KLV
JHRORJLFDO IUDPHZRUN LV WKH VHWWLQJ IRU YDULRXV FRPSOH[ K\GURJHRORJLFDO V\VWHPV ZKLFK FRQWDLQ JURXQGZDWHU RI YHU\ YDU\LQJ
SK\VLFDOFKHPLFDODQGLVRWRSLFFKDUDFWHU$WSUHVHQWWKHDSSUR[NPORQJ5DLOZD\3URMHFW0XQLFK9HURQDLVEHLQJSODQQHGDQG






,QERWK VHFWLRQVRI WKH UDLOZD\SURMHFW ODUJHVFDOH DQG LQWHQVLYH
JHRORJLFDO DQG K\GURJHRORJLFDO LQYHVWLJDWLRQ SURJUDPPHV
PDSSLQJ JHRSK\VLFV FRUHG H[SORUDWRU\ ZHOOV K\GUDXOLF WHVWV


































)LJXUH  *HRORJLF RYHUYLHZ PDS RI SURMHFW DUHD PRGLILHG
IURP %UDQGQHU  0DLQ WHFWRQLF XQLWV DUH 1 WR 6
1RUWKHUQ&DOFDUHRXV$OSV 1&$ LQFOXGLQJ ,QQ9DOOH\7HUWLDU\
7H *RVDX*URXS *R 7LUROLNXP 7L DQG%DMXYDULNXP %D
1DSSHV *UH\ZDFNH =RQH *= .HOOHUMRFK *QHLVV .H
,QQVEUXFN 4XDUW]3K\OOLWH ,4 1DSSHV RI WKH 7DUQWDO =RQH
7D$XVWURDOSLQH ($%UHQQHU0HVR]RLFXP %6WHLQDFKHU
1DSSH 6W *ORFNQHU 1DSSH 8* 9HQHGLJHU 1DSSH /*







DO 6LQFH DSS K\GURORJLFDOPHDVXULQJSRLQWV










VHFWLRQV DW %UL[OHJJ NP DQG 9RPS NP ZLWKLQ WKH
1RUWKHUQ &DOFDUHRXV $OSV 1&$ DQG *UH\ZDFNH =RQH *=
7KH VHFRQG WKH GHHSO\LQJ %UHQQHU %DVH 7XQQHO DSS NP








7DE VKRZV WKH PDMRU JHRORJLF IRUPDWLRQV DQG JURXSV WR EH
SHQHWUDWHG E\ WKH WXQQHOV $VSHFWV RI WKHLU K\GURJHRORJLFDO
EHKDYLRXUDQGW\SLFDOZDWHUFKHPLVWU\DUHJLYHQ7KH4XDWHUQDU\
4 VHTXHQFHV PDLQO\ XQFRQVROLGDWHG DOOXYLDO DQG JODFLDO  QRW
GHVFULEHGLQWDEDQGWKHDTXLIHUVWKH\FRQWDLQLQWHUDFWZLWKWKH
KDUGURFNDTXLIHUVUHVXOWLQJLQFRPSOH[K\GURJHRORJLFV\VWHPV
$ORQJ ZLWK WKH SULPDU\ SRURVLW\ WKH XELTXLWRXV IDXOWV DQG
RSHQIUDFWXUHVDOVRSOD\DPDMRUUROHLQFRQWUROOLQJJURXQGZDWHU
PRYHPHQW 7KH IDXOWV FDQ DFW DV DTXLWDUGV DV ZHOO DV DTXLIHUV
IDXOW ]RQHV VRPHWLPHV GLVSOD\LQJ YHU\ KLJK SRURVLW\ DQG
SHUPHDELOLW\)LVFKHWDO
:DWHUFKHPLVWU\DQGLVRWRSLFSURSHUWLHVHJG6+G2










)LVFK + 0DPPHO 5 3RVFKHU * 5HLFKO ,  0HWKRGV RI
IUDFWXUHGDTXLIHUFKDUDFWHULVDWLRQ7KLVYROXPH











































































































































































































































































































$ E V W U D F W   7KHREMHFWLYHRIK\GURJHRORJLFDOLQYHVWLJDWLRQZDVWRFRQWUROWKHOHDNDJHRIWKHZDVWHZDWHUFRQWDPLQDWHGE\VXOSKDWHV
DQGXUDQLXPIURPWKHVOXGJHODJRRQDWWKHXUDQLXPGHSRVLWLQ5R]QD&]HFK5HSXEOLF7KHVOXGJHODJRRQLVORFDWHGRYHUWKHIUDFWXUHG
PROGDQXELFURFNV7KHVXUIDFHJHRSK\VLFVZDVFDUULHGRXWWRLGHQWLI\WKHSUHIHUHQFHFRQWDPLQDQWSDWKZD\V7KHK\GUDXOLFSURSHUWLHV
RI WKH LGHQWLILHG IUDFWXUHG ]RQHV ZHUH YHULILHG E\ WKH SXPSLQJ WHVWV *URXQGZDWHU VDPSOLQJ DQG JURXQGZDWHU PRQLWRULQJ ZHUH








7KH VOXGJH ODJRRQ DVVRFLDWHG ZLWK RUH SUHSDUDWLRQ KDV EHHQ
RSHUDWLRQDOVLQFH%RWKDUHILQLVKLQJWKHRSHUDWLRQ7KHURFN
FRPSOH[DWWKH5R]QDGHSRVLWFRQVLVWVPDLQO\RIWKHPROGDQXELF
URFN UHSUHVHQWHG E\ SODJLRFODVHELRWLWHDPSKLEROLWH JQHLVV DQG
DPSKLEROLWHV 7KH RWKHU URFNV DUH PDUEOH VPDOO ERGLHV RI
VHUSHQWLQHDQGS\UR[HQH7KHURFNVDUHZHDWKHUHGWRWKHGHSWKRI
P7KHXSSHUZHDWKHUHGOD\HULVIRUPHGE\FOD\DQGVRLOFOD\
UHDFKLQJ WKH WKLFNQHVV RI DERXW  ± P 7KHZDVWH DVVRFLDWHG
ZLWKRUHSUHSDUDWLRQZDVGLVSRVHGRI WR WKH VOXGJH ODJRRQ ,W LV
ORFDWHG EHWZHHQ WZR GLNHV DQG KDV QRW EHHQ HQJLQHHUHG 7KH
VOXGJH FRQVLVWLQJ RI YHU\ ILQH SDUWLFOHV ZDV WUDQVSRUWHG
K\GUDXOLFDOO\ WR WKH ODJRRQ E\ WKH V\VWHP RI SLSHV 7KH ZDWHU
LQILOWUDWHGWKURXJKWKHODJRRQERWWRPZDVSDUWLDOO\LQWHUFHSWHGE\
WKHGUDLQDJHV\VWHPDQGUHWXUQHGEDFNWRWKHODJRRQ7KHV\VWHP
RI PRQLWRULQJ ZHOOV KDV EHHQ HVWDEOLVKHG GRZQJUDGLHQW RI WKH
ODJRRQ 7KH FRQWDPLQDQW SOXPH ZLWK KLJK FRQFHQWUDWLRQ RI
VXOSKDWHV XS WR  J/ DQGPRGHUDWHO\ HOHYDWHG FRQFHQWUDWLRQ RI
XUDQLXPXSWRPJ/KDVEHHQGHWHFWHGLQJURXQGZDWHU
7KH REMHFWLYH RI K\GURJHRORJLFDO LQYHVWLJDWLRQ ZDV WR
SURSRVHWKHHIIHFWLYHJURXQGZDWHUSURWHFWLRQPHDVXUHVWRFRQWURO
WKH OHDNDJH IURP WKH VOXGJH ODJRRQ WR JURXQGZDWHU ,W ZDV
GLYLGHGLQWRWKHIROORZLQJSKDVHVLGHQWLILFDWLRQRIWKHSUHIHUHQFH
FRQWDPLQDQWSDWKZD\VGRZQJUDGLHQWRIWKHODJRRQGHWHUPLQDWLRQ
RI WKHLUK\GUDXOLFSURSHUWLHVGHILQLWLRQRI WKHJURXQGZDWHU IORZ















VDPSOLQJ DQG JURXQGZDWHU OHYHO PHDVXUHPHQWV ,Q HDFK RI WKH
QHZ PRQLWRULQJ ZHOOV D ERUHKROH ORJJLQJ ZDV FDUULHG RXW WR
GHWHUPLQHWKHIUDFWXUHGOD\HUORFDWLRQDQGWKHYHUWLFDOGLVWULEXWLRQ
RI FRQWDPLQDQWV 7KH IROORZLQJ PHWKRGV KDV EHHQ XVHG WR WKLV
ORJJLQJ *5 JDPPD UH\ PHDVXUHPHQW RI WKH QDWXUDO JDPPD
UDGLDWLRQ //  HOHFWURGH ODWHUORJ PHDVXUHPHQW RI URFN
UHVLVWLYLW\ LQ IRFXVHG DUUD\ 11/ QHXWURQ ± QHXWURQ ORJJLQJ
PHDVXUHPHQWRIURFNSRURVLW\50PHDVXUHPHQWRIUHVLVWLYLW\
'/ JDPPD ± JDPPD GHQVLW\ ORJJLQJ PHDVXUHPHQW RI URFN
GHQVLW\ 7(03 WKHUPRPHWU\ PHDVXUHPHQW RI WHPSHUDWXUH RI
ERUHKROH IOXLG &$/ PHDVXUHPHQW RI ERUHKROH GLDPHWHU 7KH
SXPSLQJ WHVW ZDV SHUIRUPHG LQ DOO QHZ PRQLWRULQJ ZHOOV WR
GHWHUPLQHWKHK\GUDXOLFSURSHUWLHVRIWKHDTXLIHU7KHGLUHFWLRQRI
JURXQGZDWHU IORZ ZDV GHWHUPLQHG IURP WKH ZDWHUWDEOH FRQWRXU
PDS DQG PRUH SUHFLVHO\ E\ XVLQJ ³FKDUJHG ERG\´ JHRSK\VLFDO
PHWKRG5HJUHVVLRQDQDO\VHKDVEHHQDSSOLHG WRGHWHUPLQDWH WKH
K\GUDXOLFFRQQHFWLRQEHWZHHQGLIIHUHQW ILVVXUHG]RQHV7KH ORQJ
WHUP JURXQGZDWHU TXDOLW\ PRQLWRULQJ UHVXOWV ZHUH SURFHHGHG
VWDWLVWLFDOO\$OOWKHGDWDREWDLQHGZHUHXVHGIRUWKHGHYHORSPHQW
RI WKH LQWHUFHSWRU ZHOO V\VWHP WR FRQWURO WKH FRQWDPLQDQW
PLJUDWLRQGRZQJUDGLHQWRIVOXGJHODJRRQ7KHPXOWLSOHSXPSLQJ






7KH UHVXOWV RI DOO JHRSK\VLFDO PHWKRGV DSSOLHG LQGLFDWHG WKDW
WKHUH DUH EORFNV RIPDVVLYH URFNVZLWKRXW FRQVLGHUDEOH ILVVXUHG
]RQHV ORFDWHG GRZQJUDGLHQW RI WKH ODJRRQ 7KH ILVVXUHG ]RQHV




,Q DGGLWLRQ DQRWKHU ILVVXUHG ]RQH VLWXDWHG SDUDOOHO WR VRXWK
VHJPHQW RI WKH VOXGJH ODJRRQ DW D GLVWDQFH RI DERXW PKDV
EHHQ LGHQWLILHG$OO IUDFWXUHG]RQHVZHUHYHULILHGE\PRQLWRULQJ
ZHOOV GULOOHG WR WKH GHSWK RI    P 7KH ERUHKROH ORJJLQJ
UHVXOWV FODVVLILHG WKH URFNV LQ WKH IUDFWXUHG ]RQHV DV LQWHQVLYHO\
IUDFWXUHG 2QO\ LQ RQH ILVVXUHG ]RQH ZHUH UHDFKHG WKH VOLJKW
IUDFWXUHG URFNV 3XPSLQJ WHVWV FRQGXFWHG LQ QHZ PRQLWRULQJ
ZHOOV FRQILUPHG WKH VOLJKW FRQGXFWLYLW\ YDOXHV RI WKH DTXLIHU
FRQGXFWLYLW\ DERXW [ PV DQG YHU\ VOLJKW FRQGXFWLYLW\
[PV7KLVYDOXHVZHUHGHWHUPLQHGLQRQHUDGLDOIUDFWXUHG
]RQH DQG FRUUHVSRQG ZHOO WR WKH ERUHKROH ORJJLQJ UHVXOWV
*URXQGZDWHU IORZV IURP WKHZHVW WR WKH HDVW DQG WKLV GLUHFWLRQ
ZDVFRQILUPHGE\³FKDUJHGERG\´JHRSK\VLFDOPHWKRG7KHUHDO




UHJUHVVLRQ DQDO\VLV FRQILUPHG KLJK K\GUDXOLF FRQQHFWLRQV
EHWZHHQ JURXQGZDWHU OHYHOV LQ WKH PRQLWRULQJ ZHOOV ORFDWHG LQ
GLIIHUHQWILVVXUHG]RQHV7KHRQO\H[FHSWLRQZDVREVHUYHGLQWKH
PRQLWRULQJZHOO LQVWDOOHG LQ WKHDERYHPHQWLRQHG IUDFWXUHG
]RQHZLWKWKHVOLJKWFRQGXFWLYLW\YDOXH
6XOSKDWHV DQG XUDQLXP FRQWDPLQDWH JURXQGZDWHU
GRZQJUDGLHQWRIWKHODJRRQ7KHERUHKROHORJJLQJFRQILUPHGWKH
YHUWLFDO GLVWULEXWLRQ RI WKH VXOSKDWHV FRQFHQWUDWLRQ RQO\ LQ RQH
PRQLWRULQJZHOO,QWKLVZHOOVXOSKDWHFRQFHQWUDWLRQZDVXS
WRPJ/DW WKHGHSWKRIPEHOORZWKHVXUIDFHDQGXS WR




DW WKH VDPH GHSWKV ,Q WKH UHVW RI PRQLWRULQJ ZHOOV YHUWLFDO
GLVWULEXWLRQ RI FRQWDPLQDQW FRQFHQWUDWLRQV ZDV QHJOLJLEOH 7KH
DYHUDJHDQQXDOVXOSKDWHFRQFHQWUDWLRQLQWKHSOXPHUDQJHGIURP
PJ/WRPJ/ZLWKDQDYHUDJHYDOXHRIPJ/









7KHPXOWLSOHZHOO V\VWHPZDV SURSRVHG WR FRQWUROPLJUDWLRQ RI
FRQWDPLQDWHGJURXQGZDWHU7KHV\VWHPGHVLJQZDVEDVHGRQWKH
DVVHVVPHQW RI SXPSLQJ WHVW UHVXOWV UHJUHVVLRQ DQDO\VLV RI
JURXQGZDWHU OHYHO IOXFWXDWLRQV DQG YHUWLFDO FRQWDPLQDQW
GLVWULEXWLRQ LQ ZHOOV 7KH SURSRVHG PXOWLSOH ZHOO V\VWHP ZDV





WKH WHPSRUDU\ ULVH RI JURXQGZDWHU OHYHOV LQ WKH SXPSHG ZHOOV
DIWHU  ±  KRXUV 'XULQJ WKH SXPSLQJ WHVW FRQFHQWUDWLRQ RI
VXOSKDWHVGHFUHDVHGE\±DQGDWWKHHQGRISXPSLQJWHVW
LWZDVLQWKHUDQJHRI±PJ/ZLWKDQDYHUDJHYDOXHRI
 PJ/ $IWHU ILQLVKLQJ WKH SXPSLQJ WHVW VXOSKDWH
FRQFHQWUDWLRQUHFRYHUHGWRWKHLULQLWLDOYDOXHV6LPLODUO\XUDQLXP
FRQFHQWUDWLRQV GHFUHDVHG E\  ±  GXULQJ WKH SXPSLQJ WHVW
DQGUHFRYHUHGDIWHULWZDVFHDVHG7KHGHFUHDVHLQFRQFHQWUDWLRQV
IRU ERWK FRQWDPLQDQWVZDV VPDOOHU WKDQ WKHPHDQ FRQFHQWUDWLRQ
IRUWKHODVWWZR\HDUV7KHRQO\H[FHSWLRQZDVWKHFRQFHQWUDWLRQ
FKDQJHV IRU ERWK SDUDPHWHUV LQZHOO :HPHQWLRQHG DERYH
WKDW WKHZHOO  LV WKH RQO\ RQHZKHUH YHUWLFDO GLVWULEXWLRQ RI
FRQWDPLQDQWVKDVEHHQREVHUYHG6XOSKDWHFRQFHQWUDWLRQV LQ WKLV
ZHOOLQFUHDVHGGXULQJWKHSXPSLQJWHVWIURPPJ/WR
PJ/ DQG XUDQLXP FRQFHQWUDWLRQV IURP  PJ/ WR 
PJ/$IWHUILQLVKLQJWKHSXPSLQJWHVWERWKRIWKHPUHFRYHUHGWR
WKHLU RULJLQDO YDOXHV ,W FRXOG EH H[SODLQHG E\ WKH SUHVHQFH RI





SXPSHGZHOOV&RQFHQWUDWLRQ RI ERWK FRQWDPLQDQWV LQFUHDVHG WR
WKHLQLWLDOYDOXHVDIWHUWKHSXPSLQJWHVWKDVEHHQFHDVHG
7KHJURXQGZDWHU FRQWURO V\VWHPSURSRVHGZDVEDVHGRQ WKH
UHVXOWVRI WKHPXOWLSOHSXPSLQJ WHVW ,WZDV VKRZQ WKDWPXOWLSOH
SXPSLQJ RI  ZHOOV ZLWK WRWDO GLVFKDUJH RI  PGD\ FDQ
LQWHUFHSW JURXQGZDWHU FRQWDPLQDWHG E\ VXOSKDWHV DQG XUDQLXP
DQG SUHYHQW WKH PLJUDWLRQ RI FRQWDPLQDWHG JURXQGZDWHU
GRZQJUDGLHQW RI WKH ODJRRQ ,Q DGGLWLRQ WKH GHFUHDVH LQ
FRQWDPLQDQWFRQFHQWUDWLRQVGXHWRSXPSLQJLVH[SHFWHG
$IWHU ILQLVKLQJ PLQLQJ DFWLYLWLHV WKH VOXGJH ODJRRQ ZLOO EH






7KH FRPSUHKHQVLYH K\GURJHRORJLFDO DQG JHRSK\VLFDO
LQYHVWLJDWLRQ ZLWK WKH DLP WR SURSRVH WKH JURXQGZDWHU TXDOLW\




0XOWLSOH SXPSLQJ LQ  ZHOOV ZLWK WRWDO GLVFKDUJH RI 
PGD\ZLOOLQWHUFHSWFRQWDPLQDWHGJURXQGZDWHUIORZDQGSUHYHQW































FORVH WR DQG RQFH DERYH WKH OLPLW IRU GULQNLQJZDWHU TXDOLW\ +RZHYHU WKH FRQFHQWUDWLRQ LQ WKH GULQNLQJZDWHU GLVWULEXWHG WR WKH
FRQVXPHUKDVEHHQORZGXHWRWUHDWPHQWVLQWKHZDWHUZRUNV6HYHUDOSRVVLEOHVRXUFHVRI3EH[LVWLQWKHDUHDQDWXUDOHQULFKPHQWLQWKH
WLOO DQG WKH EHGURFN URDG WUDIILF SROOXWLRQ ORQJGLVWDQFH WUDQVSRUWHG SROOXWLRQ DQG D GXPSLQJ VLWH IRU JODVV VODJ $QDO\VLV RI WKH







7KH PXQLFLSDO ZDWHU VXSSO\ RI WKH YLOODJH 0nOHUnV 1\EUR
PXQLFLSDOLW\ 6( 6ZHGHQ LV EDVHG RQ WKUHH ZHOOV GULOOHG LQ
SRUSK\U\URFN7KHZHOOVDUHORFDWHGFORVHWRDKLKJZD\
P LQ WKH RXWVNLUWV RI WKH YLOODJH DQG  NP 6 RI D JODVVZRUN
ZLWKLWVRZQGULOOHGZHOO7KHJURXQGZDWHULQWKHPXQLFLSDOZHOOV
KDV EHHQ SROOXWHG E\ D YDULDEOH EXW VRPHWLPHV YHU\ KLJK
FRQFHQWUDWLRQV RI FKORULGH PD[  PJ &O/ VLQFH WKH
EHJLQQLQJRIWKHVDQGE\FROLEDFWHULDHYHQ(FROLGXULQJ
VKRUWHU SHULRGV GXULQJ WKH ODVW \HDUV 2FFDVLRQDOO\ KLJK
FRQFHQWUDWLRQVRIKHDY\PHWDOV&G3EDQG=QIRU3EFORVHWR
DQG RQFH DERYH WKH OLPLW IRU GULQNLQJZDWHU TXDOLW\ KDYH EHHQ
REVHUYHG LQ WKH ZHOOV 7KH REMHFWLYH RI WKH VWXG\ KDV EHHQ WR
LGHQWLI\WKHVRXUFHVRIWKHSROOXWDQWVE\GLIIHUHQWPHWKRGV,QWKLV
H[WHQGHG DEVWUDFW HPSKDVLV LV RQ WKH UDLVHG FRQFHQWUDWLRQV RI
KHDY\PHWDOVLQSDUWLFXODU3E6HYHUDOVRXUFHVRI3EH[LVWLQWKH
DUHDQDWXUDOHQULFKPHQW LQ WKH WLOO DQG*DOHQDPLQHUDOL]DWLRQ LQ
WKHEHGURFN 6*86XQGEODG URDG WUDIILFSROOXWLRQ
ORQJGLVWDQFH WUDQVSRUWHG DHURVROV ROG ORFDO DLU WUDQVSRUWHG
SROOXWLRQIURPWKHJODVVZRUNDQGROGDVZHOODVQHZGXPSLQJRI
JODVVVODJ$QDGGLWLRQDOIDFWRUWRFRQVLGHULVWKDWWKHXVHRIGH






7KH VWXG\ VWDUWHG ZLWK FROOHFWLRQ DQG HYDOXDWLRQ RI GDWD IURP
DUFKLYHVPDSVDQGUHSRUWVIROORZHGE\ILHOGLQYHVWLJDWLRQVRIWKH
K\GURJHRORJ\ DQG WKH VRLO 7KH JURXQGZDWHU OHYHOV ZHUH
PHDVXUHG LQ  ZHOOV DQG WXEHV GXULQJ VSULQJ VXPPHU DQG
DXWXPQLQ7KHJURXQGZDWHUZDVVDPSOHGLQWKHZHOOVRIWKH








D WXEH LQ FRQQHFWLRQ WR WKH GXPSLQJ VLWH IRU WKH JODVV VODJZDV
DOVRVDPSOHGDIHZWLPHVLQ7KHVRLOZDVVDPSOHGDORQJWKH
KLJKZD\ DW GLIIHUHQW GHSWK LQ WKH GXPSLQJ VLWH LQ WKH VXUIDFH
OD\HUDQGDWPGHSWKDQGLQWKHVXUIDFHOD\HURIDIRUHVW7KH
VRLO VDPSOHV ZHUH DQDO\VHG IRU 3E %RWK JURXQGZDWHU DQG VRLO









E\ D WKLQ P OD\HU RI JUDYHOO\ WLOO ZKLFK LV IDLUO\
SHUPHDEOH DQG PRVWO\ LQ JRRG K\GUDXOLF FRQWDFW ZLWK WKH
VXSHUILFLDOO\ IUDJPHQWHG URFN P )XUWKHU GRZQ WKH
SRUSK\U\ URFN LV OHVV IUDFWXUHGZLWK H[WHQW RI VRPH ]RQHV 7KH
UHFKDUJHRIJURXQGZDWHULVFDOFXODWHGWRPD[LPXPPP\$
PDS RI WKH ZDWHU WDEOH VKRZV WKDW WKH JURXQGZDWHU LQ JHQHUDO
IORZV LQ ( RU 6( GLUHFWLRQ EXW D GHHS FRQH RI GHSUHVVLRQ LV
IRUPHGDURXQG WZRRI WKHZHOOV:DQG:ZKLFKDUH ORFDWHG
YHU\FORVHWRHDFKRWKHU7KHUHLVDYHU\GLIIXVHFRQHDURXQGWKH
WKLUG ZHOO : DQG D PRGHUDWH FRQH DURXQG WKH ZHOO RI WKH








ZDWHU ZLWK PHGLXP KDUGQHVV DQ DONDOLQLW\ RI  PJ +&2/
ZKLOHWKHZHOO:KDVDPRUHDFLGZDWHUS+DQGORZHU
DONDOLQLW\ PJ +&2 PJ/ 7KH FKORULGH FRQFHQWUDWLRQ LV
ORZHULQWKHZHOOV:DQG:DQGOHVVYDULDEOHLQWKHUDQJH
PJ/WRPJ/FRPSDUHGWRZHOO:7KHZDWHUFKHPLVWU\RI





:HOO : IUHTXHQWO\ UHDFK &O FRQFHQWUDWLRQV RI  WR 
PJ/DQGYHU\RFFDVLRQDOO\PJ/$KLJKFRQFHQWUDWLRQRI
FKORULGHPLJKW KDYH GLIIHUHQW VRXUFHV GHLFLQJ VDOW IURP URDGV
UHFHQW RU UHOLFW VHD ZDWHU ZDVWH ZDWHU DQG YHU\ GHHS
JURXQGZDWHU $V WKH DUHD LV VLWXDWHG IDU IURP WKH VHD DQG KLJK
DERYHWKHKLJKHVWIRVVLOVKRUHOLQHVHDZDWHUFDQEHHOLPLQDWHGDV
D VRXUFH DVZHOO DV YHU\GHHSJURXQGZDWHUGXH WR WKHPRGHUDWH
GHSWKV RI WKH ZHOOV  P :DVWH ZDWHU PD\ JLYH DQ
LQFUHDVHG EDVHOHYHO EXW QRW WKH KLJK SHDNV DV LQ WKLV FDVH7KH
VRXUFHRIFKORULGHLVVWURQJO\FRUUHODWHGWRWKHURDGVDOWLQJZLWKD
GHOD\ RI WKH JURXQGZDWHU UHFKDUJH GXULQJ WKH VQRZ PHOWLQJ WR














FRQFHQWUDWLRQ  J/ KDV EHHQ PHDVXUHG LQ WKH ZHOO :
+RZHYHU WKH FRQFHQWUDWLRQ LQ WKH GULQNLQJZDWHU GLVWULEXWHG WR















































)LJXUH/HDGFRQFHQWUDWLRQ LQZHOO  :GXULQJ7KH
OLPLWIRUGULQNLQJZDWHUTXDOLW\LVJ/

%HVLGHV WKHQDWXUDOHQULFKPHQWRI3E LQ WKH WLOO WKHUH LVDOVR
RQHIRU=QLQDQHDUE\DUHDDQGDFFRUGLQJO\QRQHRIWKHVRXUFHV
FRXOG EH H[FOXGHG 2Q WKH RWKHU KDQG JURXQGZDWHU IORZOLQHV
VKRZHGWKDWWKHUHLVQRJURXQGZDWHUIORZIURPWKHGXPSLQJVLWH





























)LJXUH 7KH 3E3E UDWLRV IURP WKHJURXQGZDWHU WXEH LQ





WKDW LV WKH IUHTXHQWO\ UHSRUWHG YDOXH LQ 6ZHGHQ IRU VRLO VXUIDFH
OD\HUVDIIHFWHGE\ORQJGLVWDQFHWUDQVSRUWHGDHURVROV&RQYHUVHO\
WKH UDWLRV LQ WKH JURXQGZDWHU IURP WKHZDWHU VXSSO\ KDG KLJKHU
UDWLRV WKDQ WKH WZR SUHVHQW SRVVLEOH VRXUFHV IRU WKH KLJK 3E
FRQFHQWUDWLRQV DURXQG  :KHQ WKH 3E FRQFHQWUDWLRQ
LQFUHDVHV LQ$XJXVW WKH UDWLR 3E3EGHFUHDVH )LJ
7KLV VXJJHVWV WKDW WKHUH DUH GLIIHUHQW ZDWHU LQ WKH ZHOOV DW
GLIIHUHQW VDPSOLQJ RFFDVLRQV ,Q $XJXVW WKH JURXQGZDWHU OHYHO

























































QRW SRVVLEOH WR GHILQH WKH FRQWULEXWLRQ IURP HDFK VRXUFH 7KH
XVXDOUDWLRRIDURXQGLQWKHZDWHUVXSSO\PLJKWEHDUHVXOWRI
RQH VSHFLILF VRXUFHZLWK WKDW UDWLR RUPRUH OLNHO\ DPL[WXUH RI
GLIIHUHQW VRXUFHV ,I WKH JURXQGZDWHU LV D PL[WXUH RI GLIIHUHQW
VRXUFHV WKH ORZHU UDWLR LQ$XJXVW DQG KLJKHU 3E FRQFHQWUDWLRQ











1RUUVWU|P$&%HUJVWHGW( 7KH LPSDFW RI URDGGHLFLQJ
























$ E V W U D F W  8UDQLXPPLQLQJLQWKH5RQQHEXUJGLVWULFWWKHODUJHVWRI:,6087¶VPLQHVLWHVVWDUWHGLQDQGFHDVHGLQ$V













8UDQLXP PLQLQJ LQ WKH 5RQQHEXUJ PLQLQJ GLVWULFW (DVWHUQ




FRPSOH[XQGHUJURXQGPLQH FRQVLVWHGRI PLQH ILHOGVZLWK
VKDIWV DQG DERXW NP RI PLQH ZRUNLQJV VHH )LJ 7KH
5RQQHEXUJPLQH DFFRXQWHG IRU DERXW SHUFHQW RI:,6087¶V
WRWDOXUDQLXPSURGXFWLRQRIDERXWWRQQHV
7KH PLQH OHYHOV ZHUH QXPEHUHG DFFRUGLQJ WR WKHLU YHUWLFDO
GLVWDQFH WR WKH VXUIDFH 7KH PDLQ DFWLYLWLHV ZHUH FRQFHQWUDWHG
EHWZHHQWKHPDQGWKHPOHYHO7KHRYHUDOOYROXPHRI
WKH PLQH ZRUNLQJV DW WKH 5RQQHEXUJ VLWH DPRXQWHG WR DERXW











7KHPLQH ILHOGV RI %HHUZDOGH DQG'URVHQ DUH VHSDUDWHG E\
WKH &ULPPLWVFKDX IDXOW D VXSUDUHJLRQDO IDXOW ]RQH 0LQH
ZRUNLQJVZKLFKFRQQHFWHGERWKPLQH ILHOGVKDGEHHQEDFNILOOHG
SULRU WR IORRGLQJ ,Q FRQWUDVW WR WKH UHVW RI WKHPLQH VLWH DW WKH
'URVHQPLQHILHOGWKHSDODHR]RLFKRVWURFNLVFRYHUHGE\DVHULHV
RISODWIRUPVHGLPHQWVRI3HUPLDQ WR7ULDVVLFDJH ,QDGGLWLRQ WR
WKH XQGHUJURXQG PLQH ZRUNLQJV WKH LQYHVWLJDWLRQV DOVR KDG WR













*URXQGZDWHU GUDZGRZQ FRYHUHG DQ DUHD RI DERXW  VTXDUH
NLORPHWHUV%HIRUHIORRGLQJWKHDYHUDJHLQIORZLQWRWKHVRXWKHUQ
PLQH ILHOGV DPRXQWHG WR DERXW  PK ZLWK YDULDWLRQV IURP
DERXWPK XS WR PK EDVHG RQPRQWKO\ YDOXHV WLPH
VHULHVEHWZHHQDQG
0RQLWRULQJ GDWD RI WKH IORRGLQJ SURFHVV FRQILUP WKH
VLJQLILFDQW ZDWHU TXDOLW\ GLIIHUHQFHV EHWZHHQ WKH YDULRXV PLQH
ILHOGV 0RVW FRQWDPLQDWHG ZDWHUV DUH FRQFHQWUDWHG LQ WKH PLQH
ILHOGV RI 6FKPLUFKDX DQG /LFKWHQEHUJ 0L[LQJ DQG KRUL]RQWDO
IORZ LQ WKH FRXUVH RI IORRGLQJ OHDG WR YDULDWLRQV LQ WKH ZDWHU
TXDOLW\RIVRPHRIWKHPRQLWRULQJZHOOVRYHUWLPH
,Q WHUPV RIZDWHU TXDOLW\ FRQGLWLRQV LW KDV WR EHPHQWLRQHG
WKDW DW 5RQQHEXUJ D YHU\ VHULRXV DFLG PLQH GUDLQDJH SUREOHP
H[LVWV'XULQJDFWLYHPLQLQJWKHPLQHZDWHUVZHUHFKDUDFWHUL]HG






*URXQGZDWHU PRGHOOLQJ ZDV RI FUXFLDO LPSRUWDQFH IRU WKH
GHYHORSPHQW RI WKH IORRGLQJ FRQFHSW 6HYHUDO PRGHOOLQJ WRROV
ZHUHLPSOHPHQWHGIRUWKHVLPXODWLRQRIWKHIORRGLQJSURFHVVRYHU
WLPH IRU WKH SUHGLFWLRQ RI WKH ILQDO JURXQGZDWHU UHJLPH RU WR
VXSSRUW WKHZDWHUPDQDJHPHQWGXULQJ WKH ILQDO IORRGLQJSKDVHV
$V D VSHFLDOLW\ RI WKH DSSURDFK WKH VLPXODWLRQ RI WKH UHJLRQDO




6WHDG\VWDWH DQG WUDQVLHQW K\GUDXOLF VLPXODWLRQV ZHUH WKH
PDLQWDVNVRIWKHHDUO\\HDUVRIPRGHOOLQJLQWKHPLG¶V7KH
FRPELQDWLRQRIK\GUDXOLFDQGJHRFKHPLFDOPRGHOV LV W\SLFDO IRU
WKHSUHVHQWDSSOLFDWLRQVZKLFKDUHQHFHVVDU\IRUWKHSUHGLFWLRQRI
WKH LPSDFW RI IORRGLQJ SURFHVV WR JURXQGZDWHU UHVRXUFHV DQG
VXUIDFHZDWHUV
0HDQZKLOH JURXQGZDWHU VLPXODWLRQ GHYHORSPHQW DQG
DSSOLFDWLRQDFWLYLWLHVKDYHEURXJKWVRPHH[SHULHQFHLQPRGHOOLQJ
WKHIUDFWXUHGHQYLURQPHQWRI




7KH IORZPRGHO LV WKH ILUVW VWHS WR JHW LQIRUPDWLRQ RQ WKH
FRQWDPLQDWLRQSRWHQWLDO7KHFRPELQDWLRQRIDSRURXVPHGLDDQG
D K\EULG PRGHO WR FRQVLGHU K\GUDXOLF VKRUWV GULIWV IUDFWXUHV
JDYHWKHSRVVLELOLW\WRFDOFXODWHUHDOLVWLFVFHQDULRVRIJURXQGZDWHU
IORZ VLQFH ZLWKLQ WKH PLQLQJ DUHD WKH IORZ RYHU VXFK GLVFUHWH
HOHPHQWVLVDEVROXWHO\SUHGRPLQDQW
)RU WKH SXUSRVH RI ZDWHU TXDOLW\ SUHGLFWLRQV 3KUHHT& ZDV
XVHG 7KH PXOWLPLJUDQW WUDQVSRUW SURFHVV WR FDOFXODWH WKH S+
DQG(KYDOXH IRU WKHSURJQRVLVRI WKHXUDQLXPDQGKHDY\PHWDO
IXWXUHGHYHORSPHQWLVDVSHFLDOHPSKDVLVRIWKHWUDQVSRUWPRGHO
7KH PRUH LPSRUWDQW VWHS KRZHYHU LV WKH PRGHOOLQJ RI WKH
PDVV WUDQVSRUW7KLVPDVVWUDQVSRUWPRGHOFRQVLGHUVFRQYHFWLRQ
GLIIXVLRQGLVSHUVLRQ DQG UHWDUGDWLRQ 7KH FULWLFDO SDUW RI WKH










FKDUDFWHULVWLFV RI JURXQGZDWHU H[ILOWUDWLRQ LQ WKH ILQDO SKDVH RI
WKH IORRGLQJ SURFHVV KDV EHHQ UHDOLVHG $FFRUGLQJ WR WKH
TXDQWLWDWLYHSURJQRVWLFPRGHOOLQJUHVXOWVWKHIORRGLQJRSHUDWLRQLV
H[SHFWHG WR FRPSOHWH EHWZHHQ  DQG  DIWHU UHDFKLQJ D













IRU H[ILOWUDWLRQ RI FRQWDPLQDWHGJURXQGZDWHUV LQWR WKH UHFHLYLQJ
VWUHDPV


















DQG VWUHDPV ZLWK H[SHFWHG H[ILOWUDWLRQ FRQGLWLRQV LQ WKH ILQDO
SKDVH RI WKH IORRGLQJ SURFHVV KDV FUXFLDO LPSRUWDQFH LQ WKH
SUHVHQW PRGHO LQYHVWLJDWLRQ DFWLYLWLHV 7KLV DOVR LQFOXGHV WKH
VLPXODWLRQ RI WHFKQLFDOZDWHU FDWFKPHQW V\VWHPV DV D ERXQGDU\
FRQGLWLRQIRUWKHFRPELQHGIUDFWXUHGSRURXVJURXQGZDWHUV\VWHP
LQWKH5RQQHEXUJUHJLRQ
$PDLQ WDVN IRUSUHVHQWPRGHOOLQJDFWLYLWLHV LV WR DWWHQG WKH
WHFKQLFDO SODQQLQJ SURFHVV RI FDWFKPHQW V\VWHPV IRU WKH
FRQWUROOHG H[ILOWUDWLRQ RI FRQWDPLQDWHG JURXQGZDWHU 8QODQG HW
DO  7KHVH LQFOXGH WKH LGHQWLILFDWLRQ RI WKH ORFDOLW\ DQG
IXUWKHUPRUH WKH K\GUDXOLF DQG K\GURFKHPLFDO FKDUDFWHULVWLFV RI
WKHH[ILOWUDWLRQSURFHVVHV7KHVHUHVXOWVDUHDOVRLPSRUWDQWIRUWKH






7KH DXWKRUV ZDQW WR WKDQN 6 6QDJRZVNL : .XKQ 6 -DKQ











8UDQLXP0LQLQJ DQG +\GURJHRORJ\ ,,, DQG WKH ,QWHUQDWLRQDO
0LQH:DWHU$VVRFLDWLRQ6\PSRVLXP)UHLEHUJ*HUPDQ\
6HSWHPEHU6SULQJHUSS
/DQJH * )UH\KRII *  *HRORJLH XQG %HUJEDX LQ GHU
8UDQODJHUVWlWWH5RQQHEXUJ7KULQJHQ(U]PHWDOO
3DXO0 6lQJHU +- 6QDJRZVNL 60lUWHQ + (FNDUW0 
)OXWXQJVSURJQRVH DP 6WDQGRUW 5RQQHEXUJ  (UJHEQLVVH HLQHV
LQWHJULHUWHQ0RGHOODQVDW]HV8UDQLXP0LQLQJ DQG+\GURJHR





,Q 8UDQLXP LQ WKH $TXDWLF (QYLURQPHQW 3URFHHGLQJV RI WKH
,QWHUQDWLRQDO &RQIHUHQFH 8UDQLXP0LQLQJ DQG +\GURJHRORJ\
,,, DQG WKH ,QWHUQDWLRQDO0LQH:DWHU$VVRFLDWLRQ 6\PSRVLXP
)UHLEHUJ*HUPDQ\6HSWHPEHU6SULQJHUSS

8QODQG : (FNDUW 0 3DXO 0 .XKQ: 2VWHUPDQQ 5 
*URXQGZDWHUUHERXQGFRPSDWLEOHZLWKWKHDTXDWLFHQYLURQPHQW
± WHFKQLFDO VROXWLRQV DW :,6087¶V 5RQQHEXUJ PLQH ,Q
8UDQLXP LQ WKH $TXDWLF (QYLURQPHQW 3URFHHGLQJV RI WKH
,QWHUQDWLRQDO &RQIHUHQFH 8UDQLXP0LQLQJ DQG +\GURJHRORJ\



















$ E V W U D F W   +\GURJHRORJLFDO LQYHVWLJDWLRQLQKDUGURFNVRI0LUDQGHODUHJLRQ1(3RUWXJDOOHGWRWKHGHILQLWLRQRIWZRGLIIHUHQW
K\GURJHRORJLFDOXQLWV,JQHRXV8QLW8,DQG0HWDPRUSKLF8QLW807KHILUVWRQHLVFKDUDFWHULVHGE\DPHGLDQFRQGXFWLYLW\RI
P6FPZKLOHWKHVHFRQGVKRZVDKLJKHUPHGLDQYDOXHRIP6FP7KHW\SLFDOK\GURFKHPLFDOIDFLHVLQ8,LVVRGLXPELFDUERQDWHDQG










:LWK WKH SXUSRVH RI PDNLQJ WKH K\GURJHRORJLFDO VWXG\ RI
0LUDQGHOD UHJLRQ 1( RI 3RUWXJDO 3HUHLUD  GHYHORSHG
VHYHUDOVWXGLHVVXFKXVWKHK\GURJHRFKHPLFDOFKDUDFWHULVDWLRQ
)RU VXFK SXUSRVH SK\VLFDO FKHPLFDO DQG EDFWHULRORJLFDO GDWD
IURP  ZDWHU VDPSOHV FROOHFWHG LQ VSULQJV DQG ZHOOV IURP
IUDFWXUHGLJQHRXVDQGPHWDPRUSKLFURFNVZHUHXVHG
7KHVH GDWD ZHUH DQDO\VHG ZLWK D IDFWRULDO DQDO\VLV RI
FRUUHVSRQGHQFH WR GHILQH WKHPDLQ IDFWRUV WKDW GHWHUPLQHZDWHU
FKDUDFWHULVWLFV






7KH UHJLRQ LV VHSDUDWHG IURP WKH FRDVW E\ WKH SUHVHQFH RI WZR
PRXQWDLQRXV ULGJHVZKLFKSUHYHQW WKHRFHDQ LQIOXHQFHJLYLQJD
FRQWLQHQWDOFKDUDFWHUWRWKHFOLPDWH
7KHPHDQ DQQXDO SUHFLSLWDWLRQ UDQJHV IURPPP\HDU WR
PP\HDU DQG WKHPHDQDQQXDO WHPSHUDWXUHEHWZHHQ &
DQG&
7KH JHRORJ\ RI WKH DUHD LV UDWKHU KRPRJHQHRXV DQG LV




,JQHRXV 8QLW ZKLFK LQFOXGHV WZR PLFD JUDQLWHV 
FKDUDFWHULVHG E\ D PHGLDQ FRQGXFWLYLW\ RI P6FP VRGLXP
ELFDUERQDWHIDFLHVDQG\LHOGV/VLQDYHUDJH
0HWDPRUSKLF8QLWZKLFKLQFOXGHVVFKLVWVDQGTXDUW]LWHV
ZLWK D KLJKHU PHGLDQ FRQGXFWLYLW\ P6FP FDOFLXP
ELFDUERQDWHIDFLHVDQGKLJKHU\LHOGV/VLQDYHUDJH3HUHLUD
DQG$OPHLGD
*HRFKHPLFDOPRGHOOLQJ UHVXOWV VKRZ WKDW WKHPRVW IUHTXHQW
ZDWHUURFN LQWHUDFWLRQ DUH WKH GLVVROXWLRQ RI SODJLRFODVH DQG
ELRWLWH RU FKORULWH ZKLFK LQGXFH WKH SUHFLSLWDWLRQ RI FOD\
PLQHUDOVXVXDOO\NDROLQLWH3HUHLUDDQG$OPHLGD,QVRPH
PHWDPRUSKLF URFNV FDUERQDWH PLQHUDOV FDOFLWH DUH SUHVHQW LQ














7KH UHVXOWV RI WKH FRUUHVSRQGHQFH DQDO\VLV OHG WR WKH
GHILQLWLRQ RI WKUHH PDLQ IDFWRUV WKDW GHWHUPLQH ZDWHU
FKDUDFWHULVWLFV D OLWKRORJLFDO IDFWRU WKDW H[SODLQV  RI
YDULDQFH DQG DOORZV WR FOHDUO\ VHSDUDWH JURXQGZDWHUV IURP
,JQHRXV 8QLW IURP WKRVH RI WKH 0HWDPRUSKLF 8QLW DQG WZR
IDFWRUV UHODWHG ZLWK DQWKURSRJHQLF SURFHVVHV DJULFXOWXUH DQG
GRPHVWLF HIIOXHQWV WKDW H[SODLQV  DQG  RI YDULDQFH
UHVSHFWLYHO\
7KHPDLQLPSDFWRQJURXQGZDWHUIURPDJULFXOWXUDODFWLYLWLHV
LVGXH WR WKHXVDJHRI LQRUJDQLF IHUWLOLVHUVDQGPDQXUH7KH ODVW
W\SH LV UHVSRQVLEOH E\ WKH LQFUHDVH RI VHYHUDO VSHFLHV LQFOXGLQJ
FKORULGHQLWUDWHDQGELFDUERQDWH
7KHELFDUERQDWHLRQLQFUHDVHLVGXHWRWKHSURGXFWLRQRI&2
E\ RUJDQLF PDWWHU GHFD\ ZKLFK LQGXFHV VLOLFDWH ZHDWKHULQJ
$QRWKHU FRQVHTXHQFHRIDJULFXOWXUDODFWLYLWLHVPD\EHDJHQHUDO
LQFUHDVHLQGLVVROYHGVDOWVGXHWRUHF\FOLQJRIZDWHUE\LUULJDWLRQ







,Q WKLV JHRORJLFDO HQYLURQPHQW FKORULGH LRQ LV D FRQVHUYDWLYH




&RUUHVSRQGHQFH DQDO\VLV VKRZ WKDW FKORULGH LRQ LV UHODWHG
ZLWK DQWKURSRJHQLF FRQWDPLQDWLRQ HLWKHU DJULFXOWXUDO RU
GRPHVWLF
,Q RUGHU WR HVWDEOLVK DQ HDV\PHWKRG WR SUHYLRXVO\ LGHQWLI\











7KH JURXS , LV FKDUDFWHULVHG E\ QDWXUDO SURFHVVHV RI ZDWHU
URFN LQWHUDFWLRQ ZLWKRXW HYLGHQW DQWKURSRJHQLF LQIOXHQFH 7KH










KLJK FRUUHODWLRQ EHWZHHQ ELFDUERQDWH %LF DQG FKORULGH &KO
7KHUHJUHVVLRQHTXDWLRQIRUJURXS,,LV

%LF &KOU   
 
,QVLGH WKLV JURXS D VHSDUDWLRQ FDQ EHPDGH EHWZHHQZDWHUV
DVVRFLDWHG ZLWK LJQHRXV URFNV ZLWK ORZHU PLQHUDOL]DWLRQ 
VDPSOHVH EXWZLWK WKHVDPHHYROXWLRQDU\ WUHQGDQG
WKH UHPDLQLQJ VDPSOHV RI WKLV JURXS       H 
7KHVHODVWRQHVDUHDVVRFLDWHGZLWKPHWDPRUSKLFURFNV
$V LW ZDV VDLG EHIRUH WRWDO PLQHUDOL]DWLRQ LV VPDOOHU LQ
LJQHRXVURFNVZHUHWKHSULQFLSDOGLVVROYHGPLQHUDOVDUHVLOLFDWHV
2QRWKHU KDQG WKHSUHVHQFHRI VPDOOTXDQWLWLHVRI FDUERQDWHV LQ
URFN FHPHQW RI VRPH 3DODHR]RLF VFKLVWV H[SODLQV WKH KLJKHU
FRQGXFWLYLW\RIJURXQGZDWHUIURPWKLVOLWRORJLHV
6DPSOH  GLYHUJH IURP DQ\ RI WKH SUHVHQWHG JURXSV GXH WR
ORFDO JHRORJLFDO FRQWH[W ZHUH WKH SUHVHQFH RI VXOSKLGH
PLQHUDOL]DWLRQ LQTXDUW]YHLQV LVUHVSRQVLEOHIRUS\ULWHR[LGDWLRQ
UHDFWLRQV 7KH R[LGDWLRQ RI VXOSKLGH PLQHUDOV JLYHV D KLJK
FRQFHQWUDWLRQLQGLVVROYHGVXOSKDWHLQZDWHUFRPSRVLWLRQDQGWKH
+ LRQV UHOHDVH GXULQJ R[LGDWLRQ SURPRWH WKH GLVVROXWLRQ RI











ZLWK WKH ELFDUERQDWH LRQ ZKHUHDV LQ FRQWDPLQDWHG VDPSOHV WKH
FKORULGH FRQWHQW LV KLJKHU WKDQ  PJ/ DQG VKRZV D JRRG
UHODWLRQVKLS ZLWK ELFDUERQDWH 7KH UHJUHVVLRQ HTXDWLRQ 
EHWZHHQ WKH WZR YDULDEOHV ± ELFDUERQDWH DQG FKORULGH  IRU
FRQWDPLQDWHGVDPSOHVLVGHILQHGE\%LF &KOZLWKD
FRUUHVSRQGHQFHFRHIILFLHQWRI
7KLV LV GXH WR VRPH XQGHUO\LQJ SURFHVV UHVSRQVLEOH E\ WKH
LQFUHDVH RI ERWK VSHFLHV :H WKLQN WKDW WKH ELFDUERQDWH LRQ
LQFUHDVHLVGXHWRWKHSURGXFWLRQRI&2E\RUJDQLFPDWWHUGHFD\
ZKLFKLQGXFHVVLOLFDWHZHDWKHULQJ7KHRUJDQLFPDWWHUDVZHOODV






3HUHLUD 05  +LGURJHRORJLD GDV 5RFKDV )UDFWXUDGDV GD
7HUUD4XHQWH7UDQVPRQWDQD3+'LQ8QLYGH7UiVRV0RQWHV
H$OWR'RXURSS
3HUHLUD 05 $OPHLGD &  ,QIOXrQFLD GD 3RVLomR
7RSRJUiILFDHGD/LWRORJLDQD3URGXWLYLGDGHGDV&DSWDo}HVHP
5RFKDV)UDFWXUDGDVGH7UiVRV0RQWHV2ULHQWDO3RUWXJDO,Q
:RUNVKRS RI ,EHULDQ 6XEJURXS RQ +DUG 5RFN +\GURJHRORJ\
3URFHHGLQJVSS
3HUHLUD 05 $OPHLGD &  *HRFKHPLFDO HYROXWLRQ RI
JURXQGZDWHU LQ PHWDPRUSKLF URFNV RI 7UiVRV0RQWHV
































.DUVWLILFDWLRQ RI OLPHVWRQHV DQG GRORPLWHV FDQ OHDG WR YDULRXV
W\SHV RI VROXWLRQ YRLGV DPRQJ ZKLFK PDQ\ FDQ OHDG WR
SUHIHUHQWLDOSDWKZD\VZLWKYHU\ODUJHK\GUDXOLFFRQGXFWDQFH$Q
XQGHUJURXQG H[FDYDWLRQ LQWHUVHFWLQJ VXFK VWUXFWXUHV LQ WKH
VDWXUDWHGSDUWRIDQDTXLIHUFDQEHFRQIURQWHGZLWKH[WUHPHZDWHU
LQIORZV %HVLGHV WKH NDUVW VWUXFWXUHV ZDWHU FRQWDLQLQJ IUDFWXUHV
ZLWK KLJK K\GUDXOLF WUDQVPLVVLYLWLHV FDQ FDXVH JUHDW SUREOHPV
GXULQJ WXQQHO H[FDYDWLRQ HVSHFLDOO\ LI WKHVH IUDFWXUHV DUH
K\GUDXOLFDOO\ FRQQHFWHG WR NDUVWLILHG VWUXFWXUHV RU HYHQ
4XDUWHUQDU\ JUDYHO ILOOLQJV RI YDOOH\V DW JUHDWHU GLVWDQFH0DQ\
WXQQHOV WKDW DUH FXUUHQWO\ EHLQJ EXLOW WKURXJK WKH $OSV KDYH WR
FURVV VXFK IRUPDWLRQV DW JUHDW GHSWK DQG PDQ\ KXQGUHGV RI
PHWHUV EHORZ WKH UHJLRQDO JURXQG ZDWHU WDEOH 7KHUHIRUH WKH
GHWHFWLRQDQGFKDUDFWHUL]DWLRQRINDUVWLILHG]RQHVNDUVWSLSHVDQG
ZDWHUFRQWDLQLQJIUDFWXUHVDKHDGRI WKHDGYDQFLQJ WXQQHO IDFH LV
YLWDO IRU WKHVHSURMHFWV:HSUHVHQWQHZSUHGLFWLRQDQGDQDO\VLV
PHWKRGV DQG DFWXDO UHVXOWV IURP D GHHS $OSLQH WXQQHO LQ
6ZLW]HUODQG WKH GRXEOH WXEH/|WVFKEHUJ%DVH7XQQHO /%7 RI
WKH 6ZLVV $OS7UDQVLW 3URMHFW ZKLFK KDV UHFHQWO\ FURVVHG 




H[SORUDWLRQERUHKROHVGULOOHG IURP WKH WXQQHO IDFHGXULQJ WXQQHO
GULYLQJ
:LWKLQ WKHPDUO VHFWLRQVRI WKH VRFDOOHG'ROGHQKRUQQDSSH
H[SORUDWLRQGXULQJWXQQHOGULYLQJFRQVLVWHGRIKRUL]RQWDOFRUHG
ERUHKROH SHU WXQQHO WXEH ,Q WKH SRWHQWLDOO\ NDUVWLILHG OLPHVWRQH
VHFWLRQVWKHH[SORUDWLRQLQFOXGHGDWOHDVWWZRERUHKROHVSHUWXEH
LQFOXGLQJ K\GUDXOLF RSHQ KROH DQG SDFNHU WHVWV DV ZHOO DV
V\VWHPDWLF ERUHKROH UDGDU PHDVXUHPHQWV 'HSHQGLQJ RQ WKH
UHVXOWV RI WKHVH ILUVW ERUHKROHV GULOOLQJ DQG WHVWLQJ ZDV
VXEVHTXHQWO\ LQFUHDVHG LQ ]RQHV VKRZLQJ LQGLFDWLRQV IRU
NDUVWLILFDWLRQ DQG IUDFWXULQJ 6WURQJO\ NDUVWLILHG RU IUDFWXUHG
VHFWLRQVZHUHWHVWHGZLWKDWOHDVWQHDUO\SDUDOOHOFRUHERUHKROHV
EHIRUH DQ\ GHFLVLRQ UHJDUGLQJ FRQWLQXDWLRQ RI WXQQHO GULYLQJ RU
LQMHFWLRQ ZDV WDNHQ 'XULQJ WKH H[SORUDWLRQ SURJUDPPH LQ WKH
'ROGHQKRUQ QDSSH ZLWK D OHQJWK RII DSSUR[  NP  FRUHG
ERUKROHV DQG  GHVWUXFWLYH KRUL]RQWDO ERUHKROHV ZHUH GULOOHG
7UDQVLHQW RSHQ KROH DQG SDFNHU EDVHG K\GUDXOLF WHVWV ZHUH
V\VWHPDWLFDOO\ SHUIRUPHG LQ PRVW RI WKH KRUL]RQWDO H[SORUDWLRQ
ERUHKROHV 'XH WR WKH K\GURJHRORJLFDO FRQGLWLRQV YHU\ IHZ
SHUPHDEOHIHDWXUHVLQWHUVHFWHGIDUDZD\IURPWKHERUHKROHKHDG
DQGWKHFDUHIXOO\FHPHQWHGPORQJVWDQGSLSHVERWKPHWKRGV
JDYH QHDUO\ WKH VDPH UHVXOWV 7KH WHVW VHTXHQFHV LQFOXGHG
FRQVWDQW UDWHFRQVWDQWKHDGDQGSUHVVXUHEXLOGXSSKDVHVZKLFK
ZHUH UHFRUGHG LQ WKH DFWLYH ERUHKROH DV ZHOO DV LQ REVHUYDWLRQ
ERUHKROHV 7KH WLPH VSDQ RI DQ RSHQKROH WHVW ZDV EHWZHHQ 
DQG PLQ IRU WKH GUDZGRZQSKDVH DQG WRPLQ IRU WKH
SUHVVXUHUHFRYHU\SKDVH3UHVVXUHZDVUHFRUGHGZLWKDKLJK






6LQJOH DQG FURVVKROH UHVSRQVHV JDYH H[WUHPHO\ SRZHUIXO
UHVXOWV UHJDUGLQJ ORFDO DQG IDU ILHOG K\GUDXOLF WUDQVPLVVLYLW\
ODWHUDOH[WHQVLRQDQGFRQQHFWLYLW\RISHUPHDEOHIHDWXUHVSUHVVXUH
KHDG VWRUDWLYLW\ DQGGUDLQDEOHZDWHUYROXPHV0RVWRI WKHYLWDO
GHFLVLRQV UHJDUGLQJ FRQWLQXDWLRQ RI WXQQHO H[FDYDWLRQ RU WLPH
FRQVXPLQJ VHDOLQJ DFWLRQVZHUH EDVHG VXFFHVVIXOO\ RQ WKLV GDWD
VHW
,Q DGGLWLRQ WR WKHVH SUDFWLFDOO\ LPSRUWDQW ILQGLQJV WKH
K\GUDXOLFUHVSRQVHVPHDVXUHGGXULQJORQJHUWHUPFRQVWDQWUDWH

RXWIORZ WHVWV ZHUH XVHG WR HYDOXDWH SUHVVXUH
FRPSDUWPHQWDOLVDWLRQ )LJ DQG WR V\VWHPDWLFDOO\ DQDO\]H
GLDJQRVWLF SORWV )LJ 7KHVH SORWV VKRZHG SUHVVXUH UHVSRQVHV
ZLWKYHU\FKDUDFWHULVWLFSDWWHUQVHJUDGLDOIORZRUELOLQHDUIORZ
ZKLFK LV W\SLFDO IRUSODQDUILQLWHFRQGXFWLYLW\IUDFWXUHVKDYLQJD
VLPLODUVWULNHGLUHFWLRQ OLNH WKHKRUL]RQWDOERUHKROHV2WKHUIORZ
WHVWV VKRZHG UHVSRQVHVZKLFK FDQ QRW HDVLO\ EH H[SODLQHGZLWK
FODVVLFDO PRGHOV IURP VXUIDFH EDVHG ERUHKROH WHVWV 7KH
VXEVHTXHQWWXQQHOH[FDYDWLRQVDW WKHORFDWLRQVRIWKHVHWHVWVZLOO
EH XVHG WR GLUHFWO\ PDS WKH WHVWHG SHUPHDEOH VWUXFWXUHV DQG WR
HYDOXDWHWKHGLDJQRVWLFPRGHOUHVXOWV

)LJXUH  ([DPSOHV RI GLDJQRVWLF SORWV RI REVHUYDWLRQZHOO UHVSRQVHV WR FRQVWDQW UDWH RXWIORZ WHVWV LQ RSHQ ERUHKROHV
GULOOHGIURPWKHWXQQHOIDFHLQWRWKHOLPHVWRQHVRIWKH'ROGHQKRUQQDSSH
)LJXUH)RUPDWLRQSUHVVXUHKHDGPHDVXUHGDORQJWKH/|WVFKEHUJ%DVH7XQQHO LQ WKHVHFWLRQRI WKH'ROGHQKRUQQDSSH

















$ E V W U D F W   $QHZPHWKRGRORJLFDODSSURDFKLVSURSRVHGIRUWKHGHOLQHDWLRQRIJURXQGZDWHUSURWHFWLRQ]RQHVLQIUDFWXUHGPHGLD,W
WDNHV LQWR DFFRXQW WKH GLYHUVLW\ RI JHRORJLFDO DQG K\GURJHRORJLFDO FRQGLWLRQV SUHYDLOLQJ LQ IUDFWXUHG DTXLIHUV LQ 6ZLW]HUODQG DQG









WKHGHJUHHRIYXOQHUDELOLW\ LQ WKHFDWFKPHQWDUHDRI VSULQJVDQG




'XH WR WKH SUHVHQFH RI YDULRXV W\SHV RI K\GURJHRORJLFDO
VHWWLQJV LQ6ZLW]HUODQG LW LVQRWSRVVLEOH WRGHOLQHDWHSURWHFWLRQ
]RQHVDFFRUGLQJ WRDXQLIRUPPHWKRG LQ IUDFWXUHGPHGLD ,WZDV










7KH ILUVW VWHS LQFOXGHV WKH FROOHFWLRQ DQG WKH LQWHUSUHWDWLRQ RI
EDVLF GDWD FRQFHUQLQJ WKH DTXLIHU DQG UHTXLUHV DQ DGHTXDWH
PRQLWRULQJRIWKHFDWFKPHQWIDFLOLW\VSULQJZHOO0RQLWRULQJRI
GLVFKDUJH SK\VLFRFKHPLFDO SDUDPHWHUV WXUELGLW\ DQG ELRORJ\
LQFOXGLQJREVHUYDWLRQV LQYDULRXVK\GURORJLFDOFRQGLWLRQVDOORZ
JOREDO YXOQHUDELOLW\ RI WKH FDWFKPHQW WR EH HYDOXDWHG ,I WKH
YXOQHUDELOLW\ LV ORZ SURWHFWLRQ ]RQHV FDQ EH GHILQHG ZLWK D






7KH UHTXLUHG DGGLWLRQDO LQYHVWLJDWLRQV LQFOXGH D PRUH GHWDLOHG
DQDO\VLV RI IUDFWXUDWLRQ LQ WKH ZDWHU FDWFKPHQW DUHD DQG WUDFHU
WHVWLQJ ,W DOORZV JDLQLQJ PRUH SUHFLVH LQIRUPDWLRQ FRQFHUQLQJ
JURXQGZDWHU IORZ EHKDYLRXU DQG WKH GHJUHH RI DTXLIHU
KHWHURJHQHLW\ ,I WKH FDWFKPHQW LV YXOQHUDEOH DQG WKH GHJUHH RI
KHWHURJHQHLW\ LV IRXQG WR EH ORZ WKH SURWHFWLRQ ]RQHV DUH
GHOLQHDWHG E\ PHDQV RI LVRFKURQHV ,VRFKURQH 0HWKRG RQ WKH
EDVLV RI WUDFHU WHVWLQJ ,I WKH FDWFKPHQW LV YXOQHUDEOH DQG WKH












7KH6DUUH\HU WHVWVLWH LV ORFDWHGLQWKHZHVWHUQSDUWRI WKH6ZLVV
$OSV7KHDTXLIHUFRQVLVWVRIPHWDPRUSKLFJQHLVVDQGVFKLVW7KH
FDWFKPHQW ZRUN FROOHFWV ZDWHU IURP IRXU  WR PHWHUV ORQJ
VXEKRUL]RQWDOERUHKROHV:DWHUTXDOLW\LVSHUIHFWWKURXJKRXWWKH











7KHVHFRQGWHVWVLWH LVVLWXDWHG LQ WKHVRXWKHUQSDUWRI WKH6ZLVV
$OSV 7KH DTXLIHU LV EXLOG RI PHWDPRUSKLF DPSKLEROLWHV DQG
JDEEURV 7KH FDWFKPHQW ZRUN FROOHFWV ZDWHU GLUHFWO\ IURP D
IUDFWXUH 6LJQLILFDQW YDULDWLRQV RI GLVFKDUJH FRQGXFWLYLW\ DQG
WHPSHUDWXUH DUH REVHUYHG GXULQJ WKH \HDU DQG VXJJHVW WKDW WKH
FDWFKPHQWIDFLOLW\LVSRWHQWLDOO\YXOQHUDEOHWRFRQWDPLQDWLRQ
$GGLWLRQDO LQYHVWLJDWLRQV FRQFHUQLQJ VWUXFWXUDO JHRORJ\
JHRPRUSKRORJ\DQGPXOWLWUDFHUH[SHULPHQWOHGWRWKHFRQFOXVLRQ
WKDW WKH DTXLIHU ZDV ZHDNO\ KHWHURJHQHRXV DQG WKDW WKH
DSSOLFDWLRQRIWKHLVRFKURQHPHWKRGZDVUHTXLUHGLQWKLVFDVH
%DVHG RQ WKH PD[LPXP YHORFLWLHV GHWHUPLQHG E\ WUDFHU







7KH 5LHGHQ WHVW VLWH LV ORFDWHG LQ WKH HDVWHUQ SDUW RI WKH 6XE
$OSLQH0RODVVH6DQGVWRQHVFRQJORPHUDWHVDQGPDUOVFRQVWLWXWH
WKHDTXLIHU7KHWZRFDWFKPHQWZRUNVRILQWHUHVWFROOHFWGLUHFWO\
WKHZDWHU IURP IUDFWXUHV LQ VDQGVWRQHV DQG FRQJORPHUDWHV'DWD
FRQFHUQLQJGLVFKDUJHSK\VLFRFKHPLFDOSDUDPHWHUVWXUELGLW\DQG
EDFWHULRORJ\ VKRZ IUHTXHQW TXDOLW\ SUREOHPV ZKLFK SURYH WKDW
FDWFKPHQWIDFLOLWLHVDUHSDUWLFXODUO\YXOQHUDEOHWRFRQWDPLQDWLRQ
$GGLWLRQDO LQYHVWLJDWLRQ UHYHDOHG WKH SUHVHQFH RI SRLQW
LQILOWUDWLRQ VLQNLQJ VWUHDPV DQG LPSRUWDQW SKHQRPHQD RI










PDS )LQW E\ FRPELQLQJ WKHVH WZR SDUDPHWHUV  LQ FDVH RI
VLJQLILFDQW UXQRII SURFHVVHV SDUWLDO DGMXVWPHQW RI WKH FXUUHQW
PDS E\ WDNLQJ LQWR DFFRXQW SRWHQWLDO VXUIDFH IORZ RI SROOXWDQW





7KLV QHZ PHWKRGRORJLFDO DSSURDFK IRU WKH GHOLQHDWLRQ RI
SURWHFWLRQ ]RQHV LQ IUDFWXUHG PHGLD ZDV WHVWHG LQ YDULRXV
K\GURJHRORJLFDO VHWWLQJV LQ 6ZLW]HUODQG DQG SURYHG WR JLYH
DSSURSULDWH UHVXOWV $GGLWLRQDO DGYDQWDJH WR SURSRVH D PRUH
GHWDLOHG RU D OHVV GHWDLOHG VWXG\ GHSHQGLQJ RQ WKH JOREDO
YXOQHUDELOLW\RIWKHFDWFKPHQWIDFLOLW\DQGRQWKHKHWHURJHQHLW\RI
WKHDTXLIHU LVDOVR WRNHHSFRVWV ORZIRU WKHVLPSOHFDVHVDQG WR






3RFKRQ $ =ZDKOHQ )  'pOLPLWDWLRQ GHV ]RQHV GH


















$ E V W U D F W   'XULQJ H[FDYDWLRQ RI WKH %UL[OHJJ (DVW 5HFRQQDLVVDQFH 7XQQHO D IDXOW ]RQH FRQWDLQLQJ XQFRQVROLGDWHG URFN DQG
JURXQGZDWHUZDVGLVFRYHUHG&RQWLQXHGGUDLQDJHZDVQRWSRVVLEOHEHFDXVHRISRVVLEOHGHWULPHQWDOHIIHFWVRQDQHDUE\KHDOWKVSDDQG











,Q WKH FRXUVH RI WKH UHFRQQDLVVDQFH ZRUNV IRU WKH ILUVW
FRQVWUXFWLRQVWDJHRIWKH5DLOZD\3URMHFW0XQLFK9HURQDLQWKH
/RZHU ,QQ 9DOOH\ $XVWULD WKH %UL[OHJJ (DVW 5HFRQQDLVVDQFH
7XQQHO SODQQHG OHQJWKNPZDVH[FDYDWHGXVLQJ WKH1$70
1HZ $XVWULDQ 7XQQHOOLQJ 0HWKRG 'XULQJ GULOOLQJ ZRUNV IRU
DQFKRUV EHWZHHQ WXQQHO PHWUHV ± 5DLEO )RUPDWLRQ
PDVVLYHLQJUHVVHVRIZDWHURFFXUUHGFRQWDLQLQJVDQGDQGJUDYHO
OLNH PDWHULDO 7KLV ]RQH ZKLFK WKH GULOOLQJV SHQHWUDWHG KDV D
WKLFNQHVVRIXSWRPDQGFRQWDLQVJURXQGZDWHUXQGHUSUHVVXUHV
RI XS WR  EDU 7KH ]RQHZDV VXEVHTXHQWO\ GHWHUPLQHG WR EH D
IDXOW]RQHPDGHXSRIXQFRQVROLGDWHGURFN




PHWUH  FRXOG DOVR QRW EH H[FOXGHG 6XEVHTXHQWO\ D ODUJH
VFDOH JURXWLQJ SURJUDPPH ZDV FDUULHG RXW WR HQKDQFH WKH URFN
VWDELOLW\ +RZHYHU LW IDLOHG WR SURYLGH WKH QHFHVVDU\ JURXWLQJ
HIIHFWUHTXLUHGWRHQDEOHIXUWKHUWXQQHOOLQJ5HLFKOHWDO
,Q YLHZ RI WKH IDFW WKDW IXUWKHU WXQQHOOLQJ ZRXOG RQO\ EH




7KLV H[SHULPHQW ZDV DLPHG DW SURYLGLQJ WKH IROORZLQJ
LQIRUPDWLRQ RU DOORZLQJ IRU WKH IROORZLQJ H[SORUDWLRQ 
([WHQVLRQ RI DTXLIHUV  0DJQLWXGH RI LPSDFW RQ WKH
JURXQGZDWHU V\VWHPV LQ WKHDUHD 5HYHUVLELOLW\RI WKHHIIHFWV
RI DQ DUWLILFLDO GUDZGRZQ  ([SORUDWLRQ RI SUHVVXUH
GLVWULEXWLRQFRQGLWLRQVZLWK UHVSHFW WR IXUWKHU WXQQHOOLQJDQG 






)RU WKLV H[SHULPHQW DQ H[WHQVLYH DERYH DQG EHORZ JURXQG
K\GURORJLFDO DQG JHRWHFKQLFDO PRQLWRULQJ SURJUDPPH ZDV












WDNLQJ RI ZDWHU VDPSOHV DW GHILQHG SRLQWV JHRSK\VLFDO
PHDVXUHPHQWV DQG SDFNHU SURILOLQJ LQ WKH LQGLYLGXDO W\SHV RI
DTXLIHUORFDWHGLQWKHIDXOW]RQH)LVFKHWDO
x 7KHPHDVXUHPHQWV ZHUH FDUULHG RXW PDQXDOO\ E\ FRQWLQXRXV
DXWRPDWLFGDWDVDPSOHUVDQGE\WKHDXWRPDWHGGDWDDFTXLVLWLRQ







x 7KH K\GURORJLFDO ILHOG SDUDPHWHUV FRPSULVHG JURXQGZDWHU
OHYHOIORZUDWH HOHFWULFDO FRQGXFWLYLW\ WHPSHUDWXUH DQG ZDWHU
FODULW\ ,Q DGGLWLRQZDWHU VDPSOHVZHUH WDNHQ DW OHDVW RQFH D
ZHHN DQG DQDO\VHG IRU WKHLU FKHPLFDO DQG LVRWRSLF G2 +
G6 FRQWHQW DQG LQ VRPH FDVHV IRU WKHLU EDFWHULRORJLFDO
FRQWHQW
x ,Q RUGHU WR GHWHFW DQ\ SRVVLEOH PDVV URFN GHIRUPDWLRQ
DWWULEXWHGWRWKHJURXQGZDWHUGUDZGRZQH[WHQVLYHDERYHDQG











)LJXUH  &RQILJXUDWLRQ RI WKH PHDVXUHPHQW SRLQWV DW WKH
VXUIDFH DQG WKHLU UHDFWLRQV WULDQJOHV   UHDFWLRQ ZDWHU










)LJXUH  ([DPSOH RI YLVXDOLVHG GDWD XVLQJ WKH SURJUDPPH
'$9,6

%\ DGRSWLQJ WKLV DSSURDFK LW ZDV SRVVLEOH DW DOO WLPHV WR











ZDV UXQQLQJ D FRQWLQXRXV LQWHUGLVFLSOLQDU\ JDWKHULQJ RI DOO WKH
GDWD IURP DERYH DQG EHORZ JURXQG WRRN SODFH ILJ 7KH











$ K\GUDXOLF FRQQHFWLRQ ZDV IRXQG EHWZHHQ WKH ZDWHUVDWXUDWHG
IDXOW ]RQHHQFRXQWHUHG LQ WKHH[SORUDWRU\ WXQQHO DQG WKHKHDOWK
VSD ORFDWHG DW D GLVWDQFH RI DSS P ILJ $ K\GUDXOLF
FRQQHFWLRQWRWKHPLQHUDOZDWHUUHVRXUFHVORFDWHGDWDGLVWDQFHRI
NP ZDV GHILQLWHO\ UXOHG RXW 8VLQJ GDWD UHWULHYHG IURP WKLV
GHQVHREVHUYDWLRQQHWZRUNLWZDVQRWRQO\SRVVLEOHWRORFDWHWKH
ERXQGDULHV RI WKLV VSDZDWHU DTXLIHUEXW LWZDVDOVRSRVVLEOH WR
DVVHVVWKHPDJQLWXGHRILPSDFW
7KH DTXLIHU LQ TXHVWLRQ LV D FRQILQHG DTXLIHU ODWHUDOO\
GLVSODFHG LQ LWV ORQJLWXGLQDOH[WHQVLRQ6DXVJUXEHU%UDQGQHU LQ
SUHVV$VDUHVXOWRILWVKLJKK\GUDXOLFFRQGXFWLYLW\DQ\FKDQJHV
LQ LWVZDWHU EDODQFH WHQG WR DIIHFW WKH VSULQJVDVVRFLDWHGZLWK LW
ZLWKLQDVKRUWWLPH
$V VRRQ DV WKH JURXQGZDWHU OHYHO LQFUHDVHG WR QRUPDO WKH
IORZUDWH RI WKH VSULQJV LQPRVW FDVHV UHWXUQHG WR QRUPDO 7KLV
VKRZHG WKDW WKH LPSDFWRIDQDUWLILFLDO WHPSRUDU\GUDZGRZQRI
WKHDTXLIHUIURPZLWKLQWKHH[SORUDWRU\WXQQHOLVUHYHUVLEOHWRD
ODUJHH[WHQW
8QGHU WKHVH ERXQGDU\ FRQGLWLRQV IXUWKHU WXQQHOOLQJ LV
HFRQRPLFDOO\IHDVLEOHLIDOOWKHUHOHYDQWVXSSRUWLQJPHDVXUHVDUH
FDUULHGRXW7KHVHVXSSRUWPHDVXUHVPXVWEHVXFKWKDWWKHLPSDFW





5HLFKO ,:ROOPDUNHU 5 6WDGOHU* 6FKUHWWHU. (GHU 6 
(UNXQGXQJVVWROOHQ%UL[OHJJ2VW%HLVSLHO IU GLH*UHQ]HQ GHU
:LUNVDPNHLW YRQ )HOVLQMHNWLRQHQ 3URF  &KULVWLDQ 9HGHU
.ROORTXLXP*UD]$XVWULD±
)LVFK+50DPPHO 5 3RVFKHU * 5HLFKO , 0HWKRGV RI
IUDFWXUHGDTXLIHUFKDUDFWHULVDWLRQXVLQJDQH[DPSOHRIDEULWWOH
IDXOW]RQHLQFDOFDUHRXVURFN,Q,$+,QWHUQDWLRQDO&RQIHUHQFH
RQ *URXQGZDWHU LQ IUDFWXUHG URFNV 3UDJXH  6HSWHPEHU
±3URFLQSUHS
6DXVJUXEHU7%UDQGQHU5LQSUHVV7KHUHOHYDQFHRIEULWWOHIDXOW
]RQHV LQ WXQQHO FRQVWUXFWLRQ ±/RZHU ,QQ9DOOH\)HHGHU/LQH













$ E V W U D F W   3XEOLFVXSSO\WR6HUSDDPDMRUYLOODJHRI$OHQWHMRUHJLRQ6RXWK3RUWXJDOGHSHQGVSDUWLDOO\RQJURXQGZDWHUUHVRXUFHV
RIDJDEEURGLRULWLFDTXLIHUFRUUHVSRQGLQJWRWKHHDVWVHFWRURIWKH³*DEURVGH%HMD´DTXLIHUV\VWHP7KHVWXG\DUHDNPLVORFDWHG
LQWKHOHIWPDUJLQRIWKH*XDGLDQD5LYHULQWKH2VVD0RUHQDJHRWHFWRQLFXQLW7KHVKDOORZDTXLIHULVGHYHORSHGLQDPHWHUVWKLFN
DOWHUHG ]RQH 'XH WR DJULFXOWXUDO DFWLYLWLHV WKH JURXQGZDWHU QLWUDWH FRQWHQW RIWHQ H[FHHGV PJ12/ ,Q RUGHU WR HYDOXDWH WKH
H[WHQVLRQ RI WKLV ODUJHVFDOH GLIIXVH SROOXWLRQ DPRQLWRULQJ SURJUDPZDV FDUULHG RXW EHWZHHQ  DQG  WR DVVHVV VSDWLDO DQG






7KHJOREDO LQFUHDVHRIJURXQGZDWHUXSWDNH LVPDLQO\GXH WR WKH
HQODUJHPHQW RI LUULJDWHG ]RQHV $OWKRXJK DJULFXOWXUDO DFWLYLWLHV
DUHRQHRIWKHPDMRUFRQVXPHUVRIJURXQGZDWHUWKH\DUHDOVRRQH
RI WKH PDLQ VRXUFHV RI JURXQGZDWHU SROOXWLRQ EHFDXVH RI
LQDSSURSULDWH PDQDJHPHQW DQG IHUWLOL]LQJ SUDFWLFHV 7R VXSSRUW
WKH SODQQLQJ DQG PDQDJHPHQW RI JURXQGZDWHU UHVRXUFHV LW¶V
LPSRUWDQW WR GHYHORS D PXOWLGLVFLSOLQDU\ PHWKRGRORJLFDO
DSSURDFKWKDWDOORZVWKHGHWHUPLQDWLRQRIQLWUDWHVHQVLWLYH]RQHV




7KH FKDUDFWHUL]DWLRQ RI WKH UHJLRQ LQ ZKLFK WKH FDVH VWXG\ LV
LQWHJUDWHG ZDV PDGH DIWHU DFTXLULQJ WKH QHFHVVDU\ NQRZOHGJH
DQGGDWDWRSHUIRUPWKLVVWXG\,WZDVQHFHVVDU\WRDQDO\]HSURSHU
JHRORJLFDO DQG K\GURJHRORJLFDO PDSV DQG UHSRUWV $TXLIHU




LQ WZR SHULRGV KLJK DQG ORZ VHDVRQV LQ RUGHU WR GHVFULEH WKH
VWUXFWXUDO UHODWLRQVKLSV EHWZHHQ SK\VLFDO DQG FKHPLFDO
SDUDPHWHUV VSHFLDOO\ WKH GHWHFWLRQ RI D UHODWLRQ EHWZHHQ WKH
QLWUDWH FRQFHQWUDWLRQ DQG RWKHU SDUDPHWHUV *URXQGZDWHU IORZ
VLPXODWLRQZDV SHUIRUPHG IRU GLIIHUHQW FOLPDWLF DQG H[SORUDWLRQ
VFHQDULRV ,VRSUREDELOLW\ PDSV RI QLWUDWH FRQFHQWUDWLRQV
H[FHHGLQJWKHVSHFLILFWKUHVKROGRIPJ/ZHUHSURGXFHGXVLQJ























DQG6HUSD 6(FRYHULQJDQDUHDRIDERXWNP LQ WKH2VVD
0RUHQDJHRWHFWRQLFXQLW,WLVFRPSRVHGPDLQO\RIWZRXQLWVWKH
0DSKLFDQG8OWUDPDSKLF%HMD$FHEXFKHV&RPSOH[DQGWKH%HMD
*DEEURV&RPSOH[ ,Q WKH%HMD DUHDSUHGRPLQDQW IRUPDWLRQVDUH
JDEEURGLRULWLFURFNV7KHDOWHUHG]RQHYDULHVORFDOO\DQGLWPD\
UHDFK  PHWHUV WKLFNQHVV FUHDWLQJ DQ XQFRQILQHG DTXLIHU 7KH
JDEEURGLRULWLFDTXLIHU LVRQHRI WKHPRVWSURGXFWLYH IRUPDWLRQV
RI WKH $OHQWHMR UHJLRQ ZKHQ FRPSDULQJ LW ZLWK RWKHU ILVVXUHG
FRPSDFWURFNVH[FHSWNDUVWV\VWHPV7UDQVPLVVLYLW\YDOXHVPD\
UHDFK LQVRPHDUHDVDERXWPGD\DQGXVXDOO\DUHEHWZHHQ
 DQG PGD\ ,QZKDW FRQFHUQV ODQG XVH UHPRWH VHQVLQJ
IURP&RULQH/DQG&RYHUWKLVVHFWRULVPDLQO\RFFXSLHGE\
DJULFXOWXUDO DFWLYLW\ )LJ ZLWK  RI FRYHUHG DUHD ZKHUH
WKH PDLQ FURSV DUH ZKHDW VXQIORZHU DQG SHUPDQHQW LUULJDWHG
FXOWXUH 2WKHU DUHDV RI WKLV VHFWRU KDYH SHUPDQHQW FXOWXUHV OLNH





$ 3&$ ZDV DSSOLHG WR D PDWUL[ RI K\GURFKHPLFDO GDWD 
VDPSOHV YHUVXV  YDULDEOHV WR LQYHVWLJDWH WKH PDLQ VWUXFWXUDO
IHDWXUHV EHWZHHQ JURXSV RI YDULDEOHV 5HVXOWV VKRZ WKDW QLWUDWH
FRQWULEXWHVZLWKDKLJKZHLJKWWRWKHLQWHUSUHWDWLRQRIWKHUGD[LV
&RQVHTXHQWO\ WKLV µSROOXWLRQ¶ D[LV FDQ EHPDSSHG LQ WKH UHJLRQ
XQGHUVWXG\7KHPDSVKRZV)LJFOHDUO\HYLGHQFHRIDPDMRU




























,VRSUREDELOLW\ PDS RI QLWUDWH H[FHHGLQJ  PJ/ ZDV DOVR
FDOFXODWHGDIWHUDELQDU\FRGLQJRIQLWUDWHFRQFHQWUDWLRQYDOXHVD
YDOXHHTXDO WRZDVDVVLJQHGZKHQFRQFHQWUDWLRQVH[FHHGHG
PJ/ DQG D YDOXH HTXDO WR  RWKHUZLVH0DSVZHUH EXLOW LQ D
*,6 HQYLURQPHQW E\ XVLQJ JHRVWDWLVWLFDO LQWHUSRODWLRQ PHWKRG










7KH YXOQHUDELOLW\ PDSV FRQVWLWXWH D VHW RI WRROV WKDW ZHUH
GHYHORSHG ZLWK WKH DLP RI SUHYHQWLQJ JURXQGZDWHU SROOXWLRQ
7KHVHPDSVGHILQHVSDWLDOO\WKHGHJUHHRISURWHFWLRQRIDQDTXLIHU
WRDQWKURSLFDQGQDWXUDOSROOXWLRQ
$6XVFHSWLELOLW\ ,QGH[ 6,ZDVGHYHORSHG 5LEHLUR ZLWK











6, PDS )LJ VKRZV D KLJK IUHTXHQF\ IRU WKH FODVV ^`
2QFH PRUH WKH PRVW VXVFHSWLEOH DUHDV FRUUHVSRQG WR WKH
DJULFXOWXUDO ODQG XVH ZKHUH WKH PDLQ SURGXFWLRQ LV WKH ZKHDW








5HVXOWV VKRZ FOHDUO\ WKDW GXH WR GHFDGHV RI H[FHVVLYH
IHUWLOL]DWLRQ GLIIXVH DJULFXOWXUDO SROOXWLRQ LV IDLUO\ZLGHVSUHDG











$OOHU/%HQQHW - /HKU5 3HWW\+DFNHWW '5$67,&$
6WDQGDUGL]HG 6\VWHP IRU (YDOXDWLQJ *URXQGZDWHU 3ROOXWLRQ
3RWHQWLDO 8VLQJ+\GURJHRORJLF 6HWWLQJV 1::$(3$ 6HULHV
86(QYLURQPHQWDO3URWHFWLRQ$JHQF\$GD2NOD
3DUDOWD(5LEHLUR/6WRFKDVWLF0RGHOOLQJDQG3UREDELOLW\
5LVN 0DSV RI 1LWUDWH 3ROOXWLRQ LQ WKH 9LFLQLWLHV RI %HMD
$OHQWHMR 6RXWK 3RUWXJDO ,Q 5LEHLUR / HG 3URF RI UG
,QWHUQDWLRQDO&RQIHUHQFHRQ)XWXUH*URXQGZDWHU5HVRXUFHVDW
5LVN)5*¶SS&950,67/LVERQ3RUWXJDO
5LEHLUR /  'HYHORSPHQW RI D VXVFHSWLELOLW\ LQGH[ WR EH















$ E V W U D F W   *URXQGZDWHUV LQ WKH 3UHFDPEULDQ EDVHPHQW DUH QRW XVHG LQ ODUJH TXDQWLWLHV LQ4XpEHF HYHQ WKRXJK WKH EDVHPHQW
XQGHUOLHVPRUHWKDQRI4XHEHF¶VVXUIDFHDUHD1HYHUWKHOHVVPLQLQJDQGK\GURHOHFWULFSRZHUJHQHUDWLRQSURYLGHYDOXDEOHGDWDDQG
VWXG\VLWHVRQK\GURJHRORJLFDOJHRPHFKDQLFDODQGJHRFKHPLFDOSURFHVVHVDQGWKHLULQWHUDFWLRQVDURXQGXQGHUJURXQGH[FDYDWLRQV$







7KH SULQFLSDO LQWHUDFWLRQ EHWZHHQ JURXQGZDWHU DQG KXPDQ
DFWLYLWLHV LQ YDULRXV JHRORJLFDO HQYLURQPHQWV LQFOXGLQJ WKH
3UHFDPEULDQ EDVHPHQW YDULHV IURP RQH UHJLRQ RI WKH:RUOG WR
WKHRWKHU*XVWDIVRQDQG.UiVQê0LQHGUDLQDJHUHSUHVHQWV
DFKDUDFWHULVWLFK\GURJHRORJLFDOSUREOHPLQWKH&DQDGLDQ6KLHOG
SDUWLFXODUO\ LQ4XHEHF &KDUURQ %URZQ5RXOHDX HW
DOD	E5DGLRDFWLYHZDVWHGLVSRVDO)DUYROGHQHWDO
DQG K\GURHOHFWULF SRZHU JHQHUDWLRQ KDYH DOVR PRWLYDWHG ORFDO
K\GURJHRORJLFDO VWXGLHV DQG REVHUYDWLRQV LQ WKH EHGURFN RI WKLV
UHJLRQ
7KLVSUHVHQWDWLRQ LVDQRYHUYLHZRI WKHK\GURJHRORJ\RI WKH
3UHFDPEULDQEDVHPHQWLQ4XHEHFGHVFULELQJDQXPEHURIK\GUR






7KH 3UHFDPEULDQ EDVHPHQW ZKLFK XQGHUOLHVPRUH WKDQ  RI







OHVV GLVFRQWLQXRXV SHUPDIURVW RYHUPXFK RI WKH DUHD UHVXOWV LQ






/RFDOK\GURJHRORJLFDOGDWDDUHHVVHQWLDOO\ UHVWULFWHG WR WKHPRVW
SRSXODWHGDUHDVRIWKH3UHFDPEULDQ6KLHOGLQ4XHEHFZKLFKDUH
ORFDWHGLQWKH*UHQYLOOH3URYLQFH5LYHUVHWDODQGLQWKH
$ELWLEL 6XESURYLQFH RI WKH 6XSHULRU 3URYLQFH +RFN 
+RZHYHU HYHQ LQ WKHVH DUHDV JURXQGZDWHU LV QRW XVHG LQ ODUJH
TXDQWLWLHV EHFDXVHRI WKHZLGHDYDLODELOLW\RI VXUIDFHZDWHU LH
ODNHV DQG VWUHDPV 7KH JURXQGZDWHU LV HVVHQWLDOO\ GUDZQ IURP
SHUPHDEOH JODFLDO DQG SURJODFLDO GHSRVLWV DQG LV XVHG E\
PXQLFLSDOLWLHVDQGLQGXVWULHV0LQHGUDLQDJHFRQVWLWXWHVWKHPDLQ
JURXQGZDWHUZLWKGUDZDODQG LV UHVSRQVLEOH IRU WKHFKDUDFWHULVWLF
K\GURJHRORJLFDO SUREOHP LQ WKH FU\VWDOOLQH EDVHPHQW IRUPDWLRQV
LQ 4XHEHF 5RXOHDX HW DO E ,Q WKH $ELWLEL JHRORJLFDO
6XESURYLQFH DV DQ H[DPSOHZKLFK FRYHUV DERXW  NP RI
WKH 3UHFDPEULDQ 6KLHOG WKH WRWDO JURXQGZDWHU ZLWKGUDZQ IURP
WKH PLQHV LQ  RI WKDW UHJLRQ DPRXQWV WR DERXW 










0LQRU IUDFWXUHV DQG PDMRU VWUXFWXUDO GLVFRQWLQXLWLHV VXFK DV
IDXOWV DQG VKHDU ]RQHV FOHDUO\ FRQWURO JURXQGZDWHU LQIORZ WR D
GHSWK RI DERXW P LQ WKHPLQHV 5DYHQ DQG*DOH $W
JUHDWHU GHSWK PDMRU VWUXFWXUHV DORQH JHQHUDOO\ FRQVWLWXWH WKH
JURXQGZDWHUFRQGXLWV
([FDYDWLRQ LQDURFNPDVVGLVWXUEVWKHJHRPHFKDQLFDOVWUHVV
ILHOG ZKLFK LQ WXUQ SUHVXPDEO\ DIIHFWV WKH K\GURJHRORJLFDO
SURSHUWLHV RI WKH URFN PDVV +RZHYHU ILHOG GDWD RQ URFN
SHUPHDELOLW\DURXQGH[FDYDWLRQVVXJJHVWWKDWRWKHUSURFHVVHVPD\
DOVRDIIHFWWKHK\GURJHRORJLFDOSURSHUWLHVRIDURFNPDVVDURXQG
GUDLQHG H[FDYDWLRQV VXFK DV JURXQGZDWHU GHJDVVLQJ DQG





WKH &DQDGLDQ 6KLHOG )ULW] DQG )UDSH  *XKD DQG .DQZDU
6KHUZRRGHWDO LQFOXGLQJ LQ WKHPLQHV LQ4XHEHF
















%URZQ ,& *URXQGZDWHU*HRORJ\ ,Q'RXJODV5-: HG
*HRORJ\ DQG (FRQRPLF0LQHUDOV RI &DQDGD *HRO 6XUYH\ RI
&DQDGD(FRQ*HRO5HS
&KDUURQ -( &DQDGLDQ 6KLHOG K\GURJHRORJLFDO UHJLRQ ,Q




HGV +\GURJHRORJ\ 7KH *HRORJ\ RI 1RUWK $PHULFD Y2








*XVWDIVRQ * DQG .UiVQê -  &U\VWDOOLQH URFN DTXLIHUV
WKHLURFFXUUHQFHXVHDQGLPSRUWDQFH$SSOLHG+\GURJHRORJ\

+RFT 0  /D 3URYLQFH GX 6XSpULHXU ,Q *pRORJLH GX
4XpEHF 0LQLVWqUH GHV UHVVRXUFHV QDWXUHOOHV GX 4XpEHF
00
/DSRLQWH '  /HV UpJLPHV K\GURORJLTXHV GX 4XpEHF
VHSWHQWULRQDO6HUYLFHGHO¶K\GURPpWULH0LQLVWqUHGHVULFKHVVHV
QDWXUHOOHVGX4XpEHF+3SS
0()4  %LODQ DQQXHO GH FRQIRUPLWp HQYLURQQHPHQWDO ±
6HFWHXUPLQLHU ±0LQLVWqUHGH O¶(QYLURQQHPHQW HWGH OD
)DXQHGX4XpEHFSS
3URXO[ + -DFTXHV * /DPRWKH $0 /LW\QVNL - 
&OLPDWRORJLH GX 4XpEHF PpULGLRQDO 'LUHFWLRQ GH OD
PpWpRURORJLH 0LQLVWqUH GH O¶(QYLURQQHPHQW GX 4XpEHF 03
SS
5DYHQ .* *DOH -(  $ 6WXG\ RI WKH 6XUIDFH DQG
6XEVXUIDFH6WUXFWXUDODQG*URXQGZDWHU&RQGLWLRQVDW6HOHFWHG
8QGHUJURXQG 0LQHV DQG ([FDYDWLRQV $WRPLF (QHUJ\ RI
&DQDGD/WG3LQDZD75SS
5LYHUV 7 0DUWLJQROH - *RZHU &) 'DYLGVRQ 7  1HZ
WHFWRQLF GLYLVLRQV IRU WKH *UHQYLOOH SURYLQFH VRXWKHDVW
&DQDGLDQ6KLHOG7HFWRQLFV
5RXOHDX $ $UFKDPEDXOW * &DULJQDQ - %HQODKFHQ $ D
([DPSOHVRIK\GURJHRORJLFDOJHRPHFKDQLFDODQGJHRFKHPLFDO
IDFWRUV DIIHFWLQJ XQGHUJURXQG PLQH GHZDWHULQJ ,Q
+\GURJHRORJ\ DQG /DQG 8VH 0DQDJHPHQW  3URF ;;,;
&RQJUHVV ,QW $VVRF RI +\GURJHRORJLVWV %UDWLVODYD 6ORYDNLD





-$  0HWKDQH RFFXUUHQFHV LQ WKH &DQDGLDQ 6KLHOG
&KHPLFDO*HRORJ\
6WRFNZHOO&+$WHFWRQLFPDSRIWKH&DQDGLDQ6KLHOG,Q
































IRFXVHG RQ JURXQGZDWHU FRQWURO DQG SUHJURXWLQJ VWUDWHJ\ LQ
RUGHU WR UHGXFH QHJDWLYH HQYLURQPHQWDO HIIHFWV ,Q  WKHUH
ZHUHSDUWLFXODUFKDOOHQJHVZLWKWKHH[FDYDWLRQRIDNPORQJ
KLJKVSHHG UDLOZD\ WXQQHO LQ JQHLVVLF EHGURFNV EHWZHHQ WKH
FDSLWDODQGLWVQHZLQWHUQDWLRQDODLUSRUWNPWRWKHQRUWK/DUJH
XQH[SHFWHG OHDNDJHV RI ZDWHU RFFXUUHG LQ WKH WXQQHO DW VHYHUDO
DUHDV ZLWK H[WUHPHO\ IUDFWXUHG EHGURFN 7KLV OHG WR VLJQLILFDQW
GHFUHDVHVRIVRLOSRUHSUHVVXUHVDQGJURXQGZDWHUOHYHOVDERYHWKH
WXQQHO$V D UHVXOW WKHUHZHUH ODUJH VHWWOHPHQWV DQGGDPDJHV WR
EXLOGLQJV DQG IRUHVW DUHDV VLWXDWHG RQ WKH QDWXUDO VRLO GHSRVLWV
DERYH WKH WXQQHO$SHUPDQHQWZDWHU LQMHFWLRQV\VWHPKDGWREH
HVWDEOLVKHG WR UDLVH WKH JURXQGZDWHU OHYHO DQG SRUH ZDWHU
SUHVVXUHV WR RULJLQDO FRQGLWLRQV LQ RUGHU WR SUHYHQW IXUWKHU
VHWWOHPHQWV
7KH H[SHULHQFHVPDGH LQ WKHGHVLJQ DQGFRQVWUXFWLRQRI WKH
DERYHWXQQHOOHGWRQHZUHVHDUFKDQGDQLPSURYHGSUHFDXWLRQDU\
DSSURDFKLQWKHSODQQLQJRIJURXQGZDWHUEDODQFHFRQWURODQGSUH
JURXWLQJ VWUDWHJ\ IRU FRQVWUXFWLRQ RI WKH QHZ UDLOZD\ WXQQHOV
7KLV QHZ DSSURDFK ZDV IXOO\ LPSOHPHQWHG GXULQJ WKH
FRQVWUXFWLRQRIDQHZNPORQJWXQQHOIRUGRXEOHWUDFNKLJK










IURP WKH 3HUPLDQ DJH RYHUOD\LQJ VHGLPHQWDU\ URFNV VKDOHV
SK\OOLWH DQGFDOFDUHURXV VKDOHV7KHDUHDKDV LQWUXVLRQVRIQHDU
YHUWLFDO G\NHV GROHULWH7KHEHGURFNFRYHU DERYH WKH WXQQHO LV




IOXYLDO VDQGV DQG JUDYHOV LQ WKH LQWHUIDFH ]RQHV DW EHGURFN
VXUIDFHZKLFK DUH W\SLFDO IRU WKH2VOR UHJLRQ7KH WKLFNQHVVRI
WKH VRLO GHSRVLWV LV PDLQO\ EHWZHHQ  P DQG  P DORQJ WKH
WXQQHO ,W LV ZHOO NQRZQ WKDW WKH VRIW FOD\V DUH VHQVLWLYH WR









7KH DUHD QHDUE\ WKH WXQQHO LV GHQVHO\ SRSXODWHG DOVR
HQFRXQWHULQJ JURXQGV ZLWK YDOXDEOH UHFUHDWLRQDO SXUSRVHV DQG
VSHFLDO VHQVLWLYH ELRWRSHV 9XOQHUDELOLW\ DQG VHQVLWLYLW\ RI
EXLOGLQJV LQIUDVWUXFWXUHV ODNHV ERJV VZDPSV VWUHDPV DQG
VSULQJV LV GHSHQGDQW RQ FKDQJHV LQ JURXQGZDWHU OHYHOV DQG
VXUIDFH ZDWHU VWRUDJH LQ WKH VRLO GHSRVLWV DQG EHGURFNV 6XFK
FKDQJHV LQJURXQGZDWHUFRQGLWLRQV LQ WKHFDWFKPHQWDUHD UHIOHFW
WKH ´ZDWHU EDODQFH´ WKDW LV WKH GLIIHUHQFH EHWZHHQ WKH
SUHFLSLWDWLRQ DQG WKH FRPELQHG QDWXUDO UXQ RII IURP WKH DUHD
HYDSRWUDQVSLUDWLRQIURPVXUIDFHDQGOHDNDJHLQWRWKHWXQQHO7KH
YXOQHUDELOLW\ VWXG\ LV XVHG WR GHWHUPLQH DQ DFFHSWDQFH FULWHULRQ
IRU OHDNDJHYROXPHLQWRWKHWXQQHO WRUHGXFHQHJDWLYHHIIHFWVRQ
WKHHQYLURQPHQW
7KH WXQQHO ZDV ILUVW VHFWLRQHG DQG FODVVLILHG DFFRUGLQJ WR
DQWLFLSDWHGSUREOHPVZLWKUHVSHFWWRYXOQHUDELOLW\DQGVHQVLWLYLW\
RI WKH VXUURXQGLQJ HQYLURQPHQW 6HFRQGO\ PRUH WKDQ 
KRXVHKROGVFXUUHQWO\XVLQJJURXQGZDWHUIURPORFDOZHOOVDVWKHLU
SULPDU\ RU VHFRQGDU\ VRXUFH RI IUHVK ZDWHU VXSSO\ ZHUH
FODVVLILHG $QG ODVWO\ WKH YHJHWDWLRQ UHFUHDWLRQDO DUHDV DQG
VSHFLDOELRWRSHVDORQJWKHUDLOZD\WXQQHOZHUHFODVVLILHGEDVHGRQ
WKHLU VHQVLWLYLW\ IRU SRWHQWLDO ORZHULQJRIJURXQGZDWHU OHYHO DQG
RQ WKHLU XWLOL]DWLRQ %\ FRPELQLQJ WKH VHQVLWLYLW\ IRU SRWHQWLDO
GDPDJHV WR WKH HQYLURQPHQW ZLWK GDPDJHV GXH WR VHWWOHPHQWV
WKUHHFODVVHVRIDOORZDEOHOHDNDJHUDWHVZHUHHVWDEOLVKHGFODVV
PRGHUDWHWXQQHOOHDNDJH/PLQPFODVVORZOHDNDJH






7KHZDWHU FRQGLWLRQV LQ WKH DUHDZHUHPDSSHGRYHU DSHULRGRI
VHYHUDO\HDUVDKHDGRI WKH WXQQHOFRQVWUXFWLRQZRUNV LQRUGHU WR
DVVHVVWKHQDWXUDOVHDVRQDODQGDQQXDOYDULDWLRQVLQJURXQGZDWHU
OHYHOV 7KH PRQLWRULQJ FRPSULVHG UHFRUGLQJV RI ZDWHU OHYHO
IOXFWXDWLRQV LQ ODNHV DQG JURXQGZDWHU DTXLIHUV SRUH ZDWHU
SUHVVXUHVLQWKHVRLOVHGLPHQWVDQGIORZLQULYHUVDQGVWUHDPV
7KH HIIHFW IURP SUHFLSLWDWLRQ DQG HYDSRWUDQVSLUDWLRQ RQ
JURXQGZDWHU FRQGLWLRQV ZDV ZHOO NQRZQ IURP GDLO\ UHFRUGHG
FOLPDWHGDWDDWVHYHUDOPHWHRURORJLFDOVWDWLRQVLQWKHDUHD6WXGLHV
ZHUH PDGH WR HVWLPDWH WKH DFWXDO VL]H RI WKH FDWFKPHQW DQG












WHVWLQJ ZDWHU OHDNDJHSUHVVXUH WHVWLQJ LQ WKH FRUHGULOOHGKROHV
ZKLFKDUHVXEVHTXHQWO\XVHGIRUWKHJURXQGZDWHUPRQLWRULQJ7KH
DUHDV ZLWK LQWUXVLRQV RI QHDU YHUWLFDO G\NHV GROHULWH PD\ LQ
VRPH FDVHV DFW DV EDUULHUV IRU JURXQGZDWHU IORZ DQG LQ RWKHU
FDVHV DFW DV ZDWHU EHDULQJ VWUXFWXUHV ZLWK KLJKHU SHUPHDELOLW\
WKDQWKDWRIWKHVXUURXQGLQJURFNV
8VLQJWKHUHVXOWVRIWKHFRPSUHKHQVLYHJURXQGLQYHVWLJDWLRQV
DQG WKH PDSSLQJ RI JURXQGZDWHU FRQGLWLRQV WKH DPRXQW RI






7KH WXQQHO FURVV VHFWLRQ LV  P DQG LV EHLQJ H[FDYDWHG E\
GULOOLQJ DQG EODVWLQJ WHFKQLTXHV VXSSRUWHGPDLQO\ E\ EROWV DQG
VKRWFUHWH:DWHUFRQWURO LVDFKLHYHGE\WKHXVHRISUREHGULOOLQJ
DKHDG RI WKH WXQQHO IDFH IROORZHG E\ SUHJURXWLQJ RI WKH URFN
PDVV 7KH JURXWLQJ SURJUDP LQFOXGHV XVH RI YHU\ ILQH PLFUR
FHPHQWV FHPHQW DGGLWLYHV DQG PRGHUQ HTXLSPHQW XVLQJ KLJK
JURXWLQJ SUHVVXUHV 7KH SUHJURXWLQJ LV EHLQJ FDUULHG RXW LQ
VHTXHQFHV RI  RU  EODVWLQJ URXQGV GHSHQGLQJ RQ WKH
FODVVLILFDWLRQ7KH OHQJWKRI HDFKJURXWLQJ VHTXHQFH LVP
DQG VXSSOHPHQWDU\ KROHV DUH EHLQJ GULOOHG GHSHQGLQJ RQ LQIORZ
OHDNDJH RI ZDWHU 7KH SULPDU\ SDUDPHWHU IRU FKDQJLQJ WKH







7KH LQVWUXPHQWDWLRQ V\VWHP IRU DXWRPDWLF SHUIRUPDQFH
PRQLWRULQJRQWKH-RQJ$VNHUWXQQHOSURMHFWKDVVRIDUGXULQJWKH
ILUVW\HDURIH[FDYDWLQJSURYHQWREHYHU\XVHIXOIRUWKHFRQWUDFWRU
DQG WKH RZQHU DW VLWH $ FRQWLQXRXVO\ XSGDWLQJ RI WKH
JURXQGZDWHU OHYHOV DQG VRLO SRUH ZDWHU SUHVVXUHV DERYH WKH
WXQQHOVHQDEOHWKHFRQWUDFWRUWRUHVSRQGTXLFNO\E\FKDQJLQJWKH
SUHJURXWLQJ SURFHGXUH GXH WR DQ\ UHFRUGHG FKDQJH LQ
JURXQGZDWHUOHYHODERYHWKHWXQQHO




 P GXULQJ VXEVHTXHQW FHPHQW JURXWLQJ KRZHYHU QRW WR WKH





EDODQFH YHULILHG E\ WKH DXWRPDWLF SHUIRUPDQFH PRQLWRULQJ
V\VWHPWKHOHDNDJHLQIORZLQWKHWXQQHOKDVXSWRQRZEHHQNHSW













































































'HHS LQGXUDWHG DUJLOODFHRXV IRUPDWLRQV KDYH LQWHUPHGLDWH
SURSHUWLHVEHWZHHQSODVWLFFOD\WUDQVSRUWSURFHVVHVGRPLQDWHGE\
PDWUL[ GLIIXVLRQ DQG KDUG URFNV OLNH JUDQLWH SUHIHUHQWLDO
DGYHFWLRQWKURXJKZDWHUFRQGXFWLQJIUDFWXUHV
7KH7RXUQHPLUHFOD\VWRQH$YH\URQ)UDQFHEHORQJVWRWKHVH
IRUPDWLRQV ZKHUH VHYHUDO W\SHV RI GLVFRQWLQXLWLHV DW GLIIHUHQW
VFDOHVRFFXU&DEUHUDHWDO2QHSDUWRIWKHSURMHFWDLPVDW
HYDOXDWLQJ WKH SRVVLELOLWLHV DQG SURFHVVHV RI IOXLG PLJUDWLRQV
WKURXJK WKH DUJLOODFHRXV IRUPDWLRQ SDUWLFXODUO\ WKURXJK WKHVH
GLVFRQWLQXLWLHV
7KLV VWXG\ LV IRFXVHG RQ WKH K\GUDXOLF SURSHUWLHV RI VLQJOH








RQ WKH 6RXWKHUQ ERUGHU RI WKH )UHQFK &HQWUDO PDVVLI 7KH
DUJLOODFHRXV IRUPDWLRQV  P WKLFN DUH ORFDWHG EHWZHHQ WZR
OLPHVWRQHDQGGRORPLWHOD\HUVPWKLFN
7KH DUJLOODFHRXV PHGLXP FRUUHVSRQGV WR ZHOOFRPSDFWHG
DUJLOLWHV DQGPDUOVZLWK D SUHGRPLQDQW FOD\ IUDFWLRQ 
7KHPDWUL[VKRZVDYHU\ ORZZDWHUFRQWHQW  WRZWZLWK
SRUDOVSDFHDURXQGQP'HZLQGWHWDO
7KH7RXUQHPLUHVLWHLVDVXEKRUL]RQWDOPRQRFOLQDOVWUXFWXUH
DIIHFWHG E\ UHJLRQDO (: VWULNLQJ PDMRU &HUQRQ IDXOW  NP
OHQJKWLQWKHQRUWKHUQSDUW7KHPDVVLILVDOVRDIIHFWHGE\VRPH
VHFRQGDU\IDXOWVRIKHFWRPHWULF VFDOHZKLFKDUHDVVRFLDWHGZLWK































6HYHUDO K\GUDXOLFFRQGXFWLYLW\ WHVW FDPSDLJQV 6OXJ DQG 3XOVH
WHVWV ZHUH SHUIRUPHG WR FKDUDFWHUL]H WKH SURSHUWLHV RI PDWUL[
VHDOHG IUDFWXUHV DQG IUDFWXUHV ZLWK JHRGLF FDYLWLHV /RQJWHUP
K\GUDXOLF PRQLWRULQJ ZDV FRQGXFWHG RQ WKH 3+ ERUHKROH WR
GHWHUPLQH WKH SURSHUWLHV RI WKH PDWUL[ %HUWUDQG HW DO 
7KUHHVKRUWGXUDWLRQWHVWVGZHUHUHDOL]HGDWGLIIHUHQWOHYHOV
LQWKH,'ERUHKROHLQFKDPEHUVFURVVHGFXW]RQHVZLWKVLQJOH
VHDOHG IUDFWXUHV %RLVVRQHWDO3XOVHDQGVOXJ WHVWVZHUH
FDUULHG RXW RQ 0 DQG 71 ERUHKROHV WR VWXG\ WKH K\GUDXOLF






$OO WKH WHVWVZHUH LQWHUSUHWHG RU UHLQWHUSUHWHG E\PHDQV RI
WKHORJORJDQDO\VLVRIWKHVOXJSXOVHWHVWGDWDXVLQJFRQVWDQWUDWH
W\SH FXUYHV ZLWK ]HUR ZHOOERUH VWRUDJH 3HUHV HW DO 
&KDNUDEDUW\DQG(QDFKHVFX7KLVWHFKQLTXHLVLOOXVWUDWHGLQ
WKH)LJ



















































)LJXUH  6WUXFWXUDO VNHWFK RI







DQDO\VLV DQG VKRZV YHU\ ODUJH GLIIHUHQFHV LQ WUDQVPLVVLYLW\ DQG






PDJQLWXGH KLJKHU WUDQVPLVVLYLW\ ,QGHHG WKLV ERUHKROH ZDV
GULOOHG ZLWK ZDWHU H[FOXGLQJ DQ\ SRVVLELOLW\ WR REVHUYH ZDWHU
SURGXFWLRQ 7KLV WHVW LV WKXV DVVXPHG WR LQWHJUDWH ZDWHU















































0DWUL[ 3+    
71 6OXJ   )UDFWXUHVZLWK
*HRGLFFDYLWLHV 0    

7DEOH  5HVXOWV RI K\GUDXOLF WHVW LQWHUSUHWDWLRQ & LV
FRPSUHVVLELOLW\ RI WKH LVRODWHG VHFWLRQ  QRW PHDVXUHG & E
IUDFWXUHWKLFNQHVVGHULYHGIURP:DQJHWDO

2WKHU WHVWV RI WKH ,' ERUHKROH . DQG . VKRZ










7KH ODUJH WUDQVPLVVLYLW\ YDOXHV REWDLQHG RQ SURGXFLQJ IUDFWXUHV
VXJJHVW WKH H[LVWHQFH RI FLUFXODWLRQV LQ WKH VLWH 7KLV UHVXOW LV
FRQVLVWHQW ZLWK WKH SUHVHQFH RI DFWLYH UDGLRFDUERQ LQ ZDWHUV
ZKLFKLQGLFDWHVDUHFHQWFLUFXODWLRQDQGWKHUHQHZDORIZDWHUV LQ
WKHDUJLOODFHRXVIRUPDWLRQ%HDXFDLUHHWDOLQSUHS
$FFRUGLQJ WR &DEUHUD HW DO  WKH JHRGLF FDYLWLHV DUH
OLQNHGWRUHOD\]RQHVEHWZHHQVLPSOHIUDFWXUHV)LJ7KLVVWXG\











7KH IRUWKFRPLQJ VWXGLHV ZLOO IRFXV RQ WKH VSDWLDO H[WHQW RI
WKHVHVWUXFWXUHVDQGRQWKHLUGHJUHHVRIFRQQHFWLYLW\E\PHDQVRI
LQWHUIHUHQFHWHVWVDQGDUWLILFLDOWUDFHUWHVWVFRXSOHGZLWKVWUXFWXUDO






%HDXFDLUH & 6DYR\H 6 0LFKHORW -/ &DEUHUD - 
*URXQGZDWHU FKDUDFWHULVDWLRQ DQG PRGHOOLQJ RI ZDWHUURFN
HTXLOLEULDLQWKH7RXUQHPLUHDUJLOODFHRXVIRUPDWLRQV$YH\URQ
)UDQFHLQSUHSWR$SSOLHG*HRFKHPLVWU\
%HUWUDQG / /DYLJXHULH 5 &DEUHUD - 0DWUD\ -0 6DYR\H 6
 ,QVWUXPHQW IRU PHDVXULQJ SRUH SUHVVXUH DQG
SHUPHDELOLW\LQORZSHUPHDELOLW\URFN,Q,QWHUQ0HHWLQJ&OD\
LQ QDWXUDO DQG HQJLQHHUHG EDUULHUV IRU UDGLRDFWLYH ZDVWH
FRQILQHPHQW5HLPV)UDQFH
%RLVVRQ -<%HUWUDQG/+HLW] -)0RUHDX/H*ROYDQ< 
,Q VLWX DQG ODERUDWRU\ LQYHVWLJDWLRQV RI IOXLG WKURXJK DQ
DUJLOODFHRXV IRUPDWLRQ DW GLIIHUHQW VFDOHV RI VSDFH DQG WLPH
7RXUQHPLUHWXQQHOVRXWKHUQ)UDQFH+\GURJHRO-
&DEUHUD - %HDXFDLUH & %UXQR * 'H :LQGW / *HQW\ $
5DPDQEDVRD 1 5HMHE $ 6DYR\H 6 HW 9RODQW 3  /H
SURMHW 7RXUQHPLUH FRPPH VXSSRUW GH O¶H[SHUWLVH VXU OH
VWRFNDJHSURIRQGHQPLOLHXDUJLOHX[V\QWKqVHGHVSURJUDPPHV
GHUHFKHUFKH5DSSRUW,5616(5*'
&KDNUDEDUW\ & (QDFKHVFX &  8VLQJ WKH GHFRQYROXWLRQ
DSSURDFKIRUVOXJWHVWDQDO\VLV7KHRU\DQGDSSOLFDWLRQ*URXQG
:DWHU
&RQVWDQWLQ - 9HUJpO\ 3 &DEUHUD -  7HFWRQLTXH HW
IUDFWXUDWLRQ DVVRFLp GDQV OHV EDVVLQ GHV &DXVVHV $YH\URQ
)UDQFH OH FDV GX VHFWHXU GH 7RXUQHPLUH %XOO 6RF JpRO )U

'HZLQGW/&DEUHUD-%RLVVRQ-<+\GURFKHPLVWU\RIDQ
LQGXUDWHG DUJLOODFHRXV IRUPDWLRQ 7RXUQPLUH VLWH )UDQFH ,Q
$K UHKDUW DQG +XOVWRQ HGV:DWHU URFN ,QWHUFDWLRQV 7DXSR
1=
3HUHV $00 2QXU 0 5H\QROGV $  $ QHZ DQDO\VLV
SURFHGXUH IRU GHWHUPLQLQJ DTXLIHU SURSHUWLHV IURP VOXJ WHVW
GDWD:DWHU5HVVRXU5HV
6DYR\H 6 %HDXFDLUH & 0DWUD\ -0  &DUDFWpULVDWLRQ
+\GUDXOLTXH 'HV )UDFWXUHV 6LPSOHV $YHF $UULYpHV G¶HDX j
7RXUQHPLUH'HVFULSWLRQHW3UHPLHU%LODQGH/¶LQVWUXPHQWDWLRQ
HQ)RUDJH5DSSRUW,5616(5*'



























































7KH UHVHDUFKZDV IRFXVHGRQ WKH.DUDEDVK WRZQDUHD 6RXWKHUQ




VRLO RI ZKLFK FRQWDLQ PHUFXU\ LQ FRQFHQWUDWLRQV  WLPHV H[
FHHGLQJ03&
0DLQ VRXUFHV RI WKH HQYLURQPHQW SROOXWLRQ DQG VSHFLILFDOO\
FRQWDPLQDWLRQ RIZDWHUV XVHG IRUZDWHU VXSSO\ LQ WKH.DUDEDVK
FLW\DUH
 DWPRVSKHULF GLVFKDUJHV RI WKH .DUDEDVK FRSSHUVPHOWLQJ
SODQW±WR[LFHOHPHQWVGULYHQWRWKHDLUVHWWOHRXWDVIDUIURPWKH
SODQWDVLQWKHUDGLXVRINP
 LQILOWUDWLRQ RI SUHFLSLWDWLRQ DQG VHDVRQDO VXUIDFH ZDWHUV
WKURXJKVOLPHVWRUDJHVDQGVHWWOLQJEDVLQV
VHOIRXWIORZDQGILOWUDWLRQRIPLQLQJZDWHUVZLWKKLJKFRQ
FHQWUDWLRQV RI KHDY\ PHWDO LRQV WKH ODWWHU VXSSOLHG E\ QDWXUDO
OHDFKLQJRISRO\PHWDOOLFRUHZKHQOHIWLQWDFW
+HDY\PHWDOVVXFKDV$V3E)H&X+JDQGRWKHUV ILQDOO\
UHDFK WKH VXUIDFH RI FLW\ ZDWHU VXSSOLHV WKH 6HUHEU\ ODNH
%RO
VKR\.LDOLP ULYHUZDWHU VWRUDJHDQG WKH$UJD]LQVNRH UHVHU
YRLUZKLFKLVDOVRDZDWHUUHVRXUFHIRUWKHFLW\RI&KHO\DELQVN
6XUIDFHDQGPLQLQJZDWHUVHDVLO\SHUPHDWHLQWRIUDFWXULQJIDXOWV
]RQHV ZLWK KLJK FRHIILFLHQW RI ILOWUDWLRQ $IWHU UHDFKLQJ VRPH
GHSWK WKH\ FRQWDPLQDWH XQGHUJURXQG ZDWHUV WKDW XVHG WR EH D
VRXUFH IRU FHQWUDOL]HG SRSXODWLRQZDWHU VXSSO\:DWHUV FRQWDLQ
LQJ KHDY\ PHWDOV GLVFKDUJH RQWR WKH ODQG
V VXUIDFH DORQJ IDXOW
]RQHVLWRFFXUVDWWKHK\SVRPHWULFDOOHYHOXQGHUPDERYHVHH
OHYHODQGFRQWDPLQDWHVXUIDFHZDWHUV
2XUV RSHUDWLRQV LQFOXGH WKH VROXWLRQ RI WKH IROORZLQJ SURE
OHPV




 7KH GHYHORSPHQW RI D GHYLFH DOORZLQJ E\ WKH QHXWURQ
PHWKRGWRFDUU\RXWDQRSHUDWLYHFRQWURORIWKHFRQWHQWRIKHDY\






 &RQVWUXFWLRQ RI D PRGHO RI ILOWUDWLRQ DQG GLVWULEXWLRQ RI
SROOXWLQJ VXEVWDQFHV E\ XQGHUJURXQGZDWHUV WDNLQJ LQWR DFFRXQW
WKHWHFWRQLFVWUXFWXUHDQGUHOLHIRIWKH.DUDEDVKWRZQDUHD
3URPLQHQFH ZDV JLYHQ WKH UHVHDUFK RI WKH UHODWLRQ EHWZHHQ
YHORFLW\DQGDPRXQWRIGDQJHURXVHOHPHQWV WUDQVIHUUHGZLWKXQ
GHUJURXQG ZDWHU DQG WKH MRLQWLQJ RI WKH XSSHU SDUW RI WKH URFN













:DWHUEHDULQJ FRPSOH[ RI WKH 6\VHUW,OPHQRJRUVNL\ LQ WKH VRXWK
HDVW DQG 8IDOHLVNL\ LQ WKH QRUWKZHVW DQWLFOLQRULD IUDFWXUHG ]RQHV
FRPSRVHG RI 3UHFDPEULDQPHWDPRUSKLF URFNV  :DWHUEHDULQJ
FRPSOH[RI WKH IUDFWXUHG]RQHVRI WKH.DUDEDVKV\QFOLQRULXPYRO
FDQLF VHGLPHQWDU\ URFNV  :DWHUEHDULQJ FRPSOH[ RI WKH IUDF
WXUHG]RQHVRILQWUXVLYHXOWUDEDVLFURFNVDQGVHUSHQWLQLWHV:D
WHUEHDULQJ FRPSOH[ RI WKH IUDFWXUHG ]RQHV RI LQWUXVLYH EDVLF DQG
PHGLXPURFNV:DWHUEHDULQJFRPSOH[RIWKHIUDFWXUHG]RQHVRI


















DOV FRQWHQWZRXOG EH SURPSWO\ GHWHUPLQHGZLWK WKH XVH RI QHX
WURQPHWKRGLQWKHILHOG
7KH UHVXOWVRI UHVHDUFKZHUH UHSRUWHG LQ 5HSRUW7KH









































DUH D QXPEHU RI LQGXVWULHV HQJDJHG LQ WKH
PDQXIDFWXUHSURGXFWLRQSURFHVVLQJ RI SKDUPDFHXWLFDOV SDLQWV
DQG SLJPHQWV PHWDO WUHDWPHQW DQG VWHHO UROOLQJ FRWWRQ DQG
V\QWKHWLF\DUQDQGHQJLQHHULQJJRRGVRSHUDWLYH VLQFH WKDW
XVH YDULRXV LQRUJDQLF DQG RUJDQLF FKHPLFDOV DV UDZ PDWHULDO
$SDUW IURP GLVFKDUJH RI HIIOXHQWV LQWR WKH VWUHDPV WKH VHPL





DUHDV DUH FRYHUHG ZLWK 1DNND YDJX DOOXYLXP RI 5HFHQW RULJLQ
7KH %RODUDP LQGXVWULDO DUHDV DUH FRYHUHGZLWK JUDQLWH URFNV RI
$UFKDHDQJQHLVVFRPSOH[1DNNDYDJXDQGLWVWULEXWDULHV3DPXOD
YDJX DQG 3HGGD YDJX WKDW RULJLQDWH LQ WKH QRUWKHDVWHUQ DQG
VRXWKHDVWHUQ SDUWV RI WKH DUHD GUDLQ WKH VWXG\ DUHD )LJ ,Q
JHQHUDO WKH GUDLQDJH RI WKH JUDQLWH WHUUDLQ LV VXESDUDOOHO WR






5HG ORDP\ VRLOV RI IHZ FHQWLPHWHUV WKLFNQHVV FRYHU WKH




JUDQLWH DTXLIHU YDULHV IURP PGD\ WR PGD\$ KLJKHU
WUDQVPLVVLYLW\ VXFK DV  PGD\ LQ WKH JUDQLWH DTXLIHU LV
DWWULEXWHG WR KLJKO\ IUDFWXUHG ]RQHV ,Q WKH DOOXYLDO DTXLIHU WKH
WUDQVPLVVLYLW\ YDULHV IURP PGD\ WR PGD\ 7KRXJK
WKH DTXLIHUV RI JUDQLWH SRVVHVV KLJK WUDQVPLVVLYLW\ WKH VWRUDJH
FRHIILFLHQWLVOHVV[WR7KHDOOXYLDODTXLIHUKDVDKLJK




1RQH RI WKH ZDWHU VRXUFHV JURXQGZDWHU DQG VXUIDFH DUH
IRXQG ILW IRUGULQNLQJSXUSRVHVDVSHU ,QGLDQ6WDQGDUGV ,QVWLWXWH
 QRUPV %DVHG RQ WRWDO GLVVROYHG VROLGV 'DYLHV DQG
'HZLHVW  KDYH SURSRVHG D WKUHH IROG FODVVLILFDWLRQ RI
JURXQGZDWHUIRUDGRPHVWLFPJ/ELUULJDWLRQWR
 PJ/ DQG F LQGXVWU\ ! PJ/ $FFRUGLQJ WR WKLV
FODVVLILFDWLRQ RQO\ RQH VDPSOH IDOOV XQGHU FDWHJRU\ D 
VDPSOHV XQGHU FDWHJRU\ E DQG  VDPSOHV XQGHU FDWHJRU\ F
&DOFLXP DQG PDJQHVLXP DORQJ ZLWK VXOIDWHV FKORULGHV DQG
ELFDUERQDWHVPDNHV WKHZDWHU KDUG 7KH WRWDO KDUGQHVV 7+ DV




IRU HQFUXVWDWLRQ RQ ZDWHU VXSSO\ V\VWHPV $ KLJK SRVLWLYH
FRUUHODWLRQEHWZHHQWRWDOKDUGQHVVDQG&D0J&ODQG62
LQGLFDWHV WKDW WKH KDUGQHVV LQ JURXQGZDWHU LV EHFDXVH RI WKHVH
FRQVWLWXHQWV2XWRIWKHJURXQGZDWHUVDPSOHVDERXWDTXDUWHU
VKRZ KLJK FRUURVLYLW\ UDWLR H[FHHGLQJ PRUH WKDQ  LQGLFDWLQJ
WKHLULQWHQVLYHFRUURVLYHQDWXUH7KHJURXQGZDWHULQWKHUHJLRQLV
VLJQLILFDQWO\ GRPLQDWHG E\ WKH DONDOLQH HDUWKV &D DQG0J 
RYHU WKH DONDOLHV 1D DQG . ,QWHUHVWLQJO\ WKH VWURQJ DFLGV
62 DQG &O H[FHHG WKH ZHDN DFLGV UHSUHVHQWHG E\ +&2
6WURQJDFLGVGRPLQDWHDERXWRIWKHVDPSOHVDQGRQO\
FRQVLVW RI ZHDN DFLGV 7KH JURXQGZDWHU KDV VHFRQGDU\ VDOLQLW\
LQGLFDWHGE\QRQFDUERQDWHKDUGQHVV,QPDMRULW\RIWKHZHOOV
 WKH6FKRHOOHU LQGH[YDOXHVLQGLFDWHDEDVHH[FKDQJHUHDFWLRQ
DQG WKH UHPDLQLQJ  VDPSOHV VKRZ D QHJDWLYH YDOXHZKLFK
DUH GXH WR FDWLRQDQLRQ H[FKDQJH 7KH YDOXHV RI WKH 6FKRHOOHU
LQGH[ LQ  RI VDPSOHV DUH SRVLWLYH DQG DONDOLQH HDUWKV KDYH
KLJKHU FRQFHQWUDWLRQV WKDQ ELFDUERQDWH LQGLFDWLQJ H[FKDQJH RI
VRGLXP LRQV IRU DONDOLQH HDUWKV DQG WKHZDWHU DV EDVHH[FKDQJH
KDUGHQHGZDWHU$ERXWRI WKH VDPSOHV DUH WHQGLQJ WRZDUGV




7KH HIIOXHQW GLVSRVDO RQ ODQG FDXVHV PHWDO FRUURVLRQ
OHDFKLQJDQGXOWLPDWHO\ LUUHJXODUDGVRUSWLRQRQ WKHVRLOSDUWLFOHV
OHDGLQJ WR SHUVLVWHQW HQYLURQPHQWDO SUREOHPV %DFN 
LQWURGXFHG WKH FRQFHSW RI FKHPLFDO IDFLHV DV D PHDQV RI

7DEOH  +\GURORJLFDO GHWDLOV RI DEVWUDFWLRQ
VWUXFWXUHV
$'HSWKSDUWLFXODUVRIZHOOV
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SURJUHVVLYH FKDQJHV DUH QRW GLVFHUQDEOH GXH WR PXOWLSRLQW
VRXUFHV RI SROOXWLRQ EURDGO\ WKH\ DUH FODVVLILHG DV 6RGLXP
FKORULGH  6RGLXPELFDUERQDWH  &DOFLXPFKORULGH
 &DOFLXPELFDUERQDWH  0DJQHVLXPFKORULGH 
DQG0DJQHVLXPELFDUERQDWHW\SHV
7KH TXDOLW\ RI WKH JURXQGZDWHU LQ WKH DUHD KDV GHWHULRUDWHG
VLJQLILFDQWO\ LQGLFDWHG E\ WKH KLJK FRQFHQWUDWLRQ RI 1D &D
&ODQG+&2LRQVERWKLQGXJZHOOVDQGERUHZHOOVORFDWHGLQ
WKHYLFLQLW\RIWKHHIIOXHQWGLVSRVDEOHVLWHV6LQFHWKHVHZHOOVDUH
LQWHUVHFWHG E\ IUDFWXUHV MRLQWV VHFRQGDU\ SRURVLW\ WKH
FRQWDPLQDWHG ZDWHU SHUFRODWHV LQWR WKH JURXQG ZDWHU V\VWHP LQ
GXHFRXUVHRIWLPHDQGEHFDXVHRIKLJKHUK\GUDXOLFFRQGXFWLYLW\
LV UDSLGO\ WUDQVSRUWHG WR RWKHU DUHDV WKURXJK DGYHFWLRQ UHODWHG
SURFHVVHV7HPSRUDOYDULDWLRQVLQWKHTXDOLW\RIVXUIDFHZDWHUDQG
VKDOORZ DTXLIHU DUH GXH WR GLOXWLRQ E\ VHDVRQDO UDLQIDOO HYHQWV
+RZHYHU LQ FRQWUDVW WR VKDOORZ DTXLIHU WKH GHHSHU DTXLIHU LV




URFN WKH µGLOXWLRQ¶ ZLOO LQFUHDVH EXW WKH µGLVSHUVLRQ¶ ZLOO EH
JUHDWHU7KHWRWDOGLVVROYHGVROLGV7'6FRQFHQWUDWLRQRIWUHDWHG
HIIOXHQWV IURP WKH WUHDWPHQW SODQWV LV LQ WKH UDQJH RI  WR
PJ/7KHTXDOLW\RI JURXQGZDWHU LQ WKH UHJLRQKDVEHHQ
DIIHFWHG QHJDWLYHO\ GXH WR WKH GLVFKDUJH RI ZDVWH HIIOXHQWV RQ
RSHQODQGVDQGLQWRSRQGVWDQNVDQGVWUHDPV7KHKLJKYDOXHVRI
HOHFWULFDOFRQGXFWLYLW\(&DQGFRQFHQWUDWLRQVRI1D&D&O
DQG +&2 LQGLFDWH WKH LPSDFW RI LQGXVWULDO HIIOXHQWV 8QGHU
QDWXUDO FRQGLWLRQV WKHUH VKRXOG QRW EH DQ\ DQRPDORXV LRQLF
FRQFHQWUDWLRQVLQJURXQGZDWHUDQGV\VWHPDWLFFKDQJHVLQTXDOLW\
DUH H[SHFWHG LQ WKH JURXQGZDWHU IORZ SDWK (OHYDWHG LRQLF
FRQFHQWUDWLRQV LQ WKH ZDWHU FDQ RQO\ EH H[SODLQHG DV GXH WR
FRQWDPLQDWLRQ DQG PL[LQJ RI IRUHLJQ ZDWHUV ZLWK QDWXUDO
JURXQGZDWHU $Q DUHD RI DERXW  KHFWDUHV LQ  YLOODJHV
VLWXDWHGPRVWO\DORQJWKHVWUHDPFRXUVHVLVDIIHFWHGGXHWRZKLFK
WKH IDUP \LHOGV DUH UHGXFHG VLJQLILFDQWO\ ([WHQVLYH HYLGHQFH
LQGLFDWHV WKDW LPSURSHU GLVSRVDO RI HIIOXHQWV KDV FDXVHG ZLGH
VSUHDGFRQWDPLQDWLRQ
7KH SUHVHQW VWXGLHV PDGH LW SRVVLEOH WR GHPDUFDWH DUHDV RI
FRQWDPLQDWHG JURXQGZDWHU DQG WKRVH SURQH WR FRQWDPLQDWLRQ LQ








%DFN :  +\GUR FKHPLFDO IDFLHV DQG JURXQGZDWHU IORZ
SDWWHUQV LQ QRUWKHUQ SDUW RI $WODQWLF &RDVWDO 3ODLQ 86 *HRO
6XUY3URI3DSHU$
,6,  ,QGLDQ 6WDQGDUGV 6SHFLILFDWLRQV IRU GULQNLQJ ZDWHU
,QGLDQ6WDQGDUG,QVWLWXWLRQ,6
5\]QHU -:  $ QHZ LQGH[ IRU GHWHUPLQLQJ DPRXQW RI
FDOFLXPFDUERQDWHVFDOHIRUPHGE\ZDWHU-RXU$::$
SS
















$ E V W U D F W   7KH JDVWLJKWQHVV FRQFHSW IRU XQGHUJURXQG /3* VWRUDJH LQ XQOLQHG PLQHG FDYHUQV LV EDVHG RQ WKH K\GURG\QDPLF
FRQWDLQPHQWSULQFLSOH7RFKHFNWKHIORZJUDGLHQWVIRUFRPSOLDQFHZLWKWKLVUXOHWKHFDYHUQRSHUDWLQJSDUDPHWHUVWKHSRUHSUHVVXUH
GLVWULEXWLRQ LQ WKH FDYHUQ VXUURXQGLQJ DQG WKH ORFDO K\GURJHRORJLFDO HQYLURQPHQW DUH WR EH WKRURXJKO\ PRQLWRUHG GXULQJ FDYHUQ








7KH JDVWLJKWQHVV SULQFLSOH IRU XQGHUJURXQG /3* VWRUDJH LQ
PLQHGFDYHUQVLVEDVHGRQK\GURG\QDPLFFRQWDLQPHQWFULWHULD
HYHU\ZKHUHDORQJWKHVWRUDJHFDYHUQZDOODQGDWDQ\WLPHGXULQJ
RSHUDWLRQ WKHJURXQGZDWHU IORZ LVGLUHFWHG LQWR WKHFDYHUQ WKXV
FRQILQLQJWKHVWRUHGSURGXFW
'HVSLWH WKH YLFLQLW\ RI DTXLIHUV RU ZDWHU EHDULQJ ]RQHV
FRQVWLWXWLQJ VWURQJ ERXQGDU\ FRQGLWLRQV WKH YDULDEOH K\GUDXOLF
FRQWLQXLW\ LQ IUDFWXUHG URFN WRJHWKHUZLWK WKH ORZVWRUDWLYLW\RI
MRLQWV RIWHQ UHTXLUHV WKH LPSOHPHQWDWLRQ FORVH WR WKH VWRUDJH
FDYHUQVRIDVRFDOOHGZDWHUFXUWDLQV\VWHP7KLVGHYLFHDOORZV
WR SUHYHQW URFNPDVV GHVDWXUDWLRQ GXULQJ FRQVWUXFWLRQ DQG WR


















7KH JHRORJLFDO K\GURJHRORJLFDO DQG JHRFKHPLFDO GDWD
FROOHFWHG GXULQJ WKH VXFFHVVLYH LQYHVWLJDWLRQ FDPSDLJQV
FRPELQHG ZLWK WKH K\GURORJLFDO VWXG\ RI WKH FDWFKPHQW DUHD
DOORZWRHODERUDWHK\GURJHRORJLFDOFRQFHSWXDODQGHQYLURQPHQWDO
PRGHOV ZKLFK DUH XVHG IRU GHVLJQLQJ RSWLPLVHG VWRUDJH FDYHUQ
IDFLOLWLHV +RZHYHU LW LV GXULQJ FRQVWUXFWLRQ WKDW WKH PRVW
SURILWDEOH WHVWLQJDQGPRQLWRULQJ LVSRVVLEOH VLQFH WKH WHVWV WKDW
FDQ EH FDUULHG RXW JLYH IXOOVFDOH LQYHVWLJDWLRQ RI WKH JURXQG
ZDWHUIORZLQWKHFDYHUQVXUURXQGLQJ7KLVDGGLWLRQDOLQIRUPDWLRQ
DOORZV UHILQLQJ WKH PRGHO DQG FRQVHTXHQWO\ WR RSWLPLVH WKH
PRQLWRULQJQHWZRUNIRUEHWWHUDSSUHFLDWLRQRISRVVLEOHHYROXWLRQV
GXULQJ RSHUDWLRQ )XUWKHUPRUH GXULQJ FRQVWUXFWLRQ WKH
XQGHUJURXQG ZRUNV DUH DW DWPRVSKHULF SUHVVXUH 7KH




7KH FRQVWUXFWLRQ SKDVH FRQVLVWV RI WKH DFFHVVZRUNV WXQQHO
DQG VKDIW WKH DQFLOODU\ ZRUNV ZDWHU FXUWDLQ DQG WKH
XQGHUJURXQG VWRUDJH FDYHUQV WKHPVHOYHV 'XULQJ HDFK RI WKHVH
SKDVHV WKH RYHUDOO K\GURJHRORJLFDO HQYLURQPHQW LV PRQLWRUHG
WKRURXJKO\7KLVLVGRQHE\SLH]RPHWHUVSUHVVXUHFHOOVDQGZDWHU
VHHSDJH 	 VXSSO\ EDODQFH IRU WKH GLIIHUHQW VHFWLRQV RI WKH
XQGHUJURXQGZRUNV VHH WDEOH)XUWKHU LQYHVWLJDWLRQ LVREWDLQHG
IURPJHRORJLFDO DQG JHRWHFKQLFDOPDSSLQJ IURPSUREHKROH DQG







ZDWHU FXUWDLQ K\GUDXOLF HIILFLHQF\ HJ E\ FORJJLQJ ,W LV DOVR
PHQWLRQHG WKDWRQHRI WKHFULWHULDGXULQJFRQVWUXFWLRQ LV WKDWQR
GHVDWXUDWLRQ LV DOORZHG LQ WKH ]RQH EHORZ WKH ZDWHU FXUWDLQ
V\VWHP $ PLQLPXP SUHVVXUH LV WR EH PDLQWDLQHG RQ WKH
LQGLYLGXDOZDWHUFXUWDLQERUHKROHV
$W SDUWLFXODU VWDJHV GXULQJ WKH FRQVWUXFWLRQ ZRUNV ZDWHU
FXUWDLQ HIILFLHQF\ WHVWV DUH SHUIRUPHG DLPLQJ WR FKHFN WKH
K\GUDXOLFKHDG LQ WKH URFNPDVV ,Q WKH OLJKWRI WKH UHVXOWV ORFDO
KHWHURJHQHRXV ]RQHV FDQEHGHWHFWHG WKHQ UHPHGLDO DFWLRQV FDQ
EH LPSOHPHQWHG DQG DGDSWHG PRQLWRULQJ HTXLSPHQW FDQ EH
LQVWDOOHG
)XUWKHU DGHTXDWH JURXWLQJ RSHUDWLRQV GXULQJ WKH VWRUDJH
FDYHUQ H[FDYDWLRQ KHOS WR UHGXFH VHHSDJH DQG ZDWHU FXUWDLQ
VXSSO\ DQG WR LPSURYH SRUH SUHVVXUH GLVWULEXWLRQ 0D[LPLVLQJ
JURXWLQJ LQ WKH FDYHUQ UHGXFHV VHHSDJH IRU WKH RSHUDWLRQ SKDVH
PLQLPLVLQJJURXWLQJZRUNVLQWKHZDWHUFXUWDLQV\VWHPLQFUHDVHV
WKH ZDWHU FXUWDLQ HIILFLHQF\ 'HFLVLRQV RQ JURXWLQJ LQ DFFHVV
WXQQHO DQG VKDIW GHSHQG RQZDWHU WDEOH VWDELOLW\ZRUN SURJUHVV
DQGFRVW
'XULQJ FRPPLVVLRQLQJ D IXOOVFDOH WLJKWQHVV WHVW LV FDUULHG
RXW E\ SUHVVXULVLQJ WKH VWRUDJH FDYHUQ ZLWK DLU /DUJHVFDOH
K\GURJHRORJLFDODQDO\VHVFDQEHPDGHDQGWKHUHVXOWVUHILQHWKH
RYHUDOO FRPSUHKHQVLRQ 'XULQJ WKH WLJKWQHVVWHVW WKH
K\GURJHRORJLFDOHQYLURQPHQWLVVROLFLWHGDWDSUHVVXUHKLJKHUWKDQ
WKHPD[LPXPRSHUDWLRQSUHVVXUHRIWKHXOWLPDWHVWRUDJHIDFLOLW\
7KH GLIIHUHQW VWDJHV RI WKH FRQVWUXFWLRQ DQG FRPPLVVLRQLQJ
DOORZ IRU DQRSWLPLVHG FRPSUHKHQVLRQRI WKH VLWH7KH VLWXDWLRQ
RFFXUULQJ GXULQJ FRQVWUXFWLRQ ZLWK WKH XQGHUJURXQG ZRUNV DW
DWPRVSKHULF SUHVVXUH DQG WKH VLWXDWLRQ GXULQJ WKH WLJKWQHVVWHVW
ZLWKWKHWHVWSUHVVXUHKLJKHUWKDQWKHXOWLPDWHRSHUDWLRQSUHVVXUH
ERWK HQFRPSDVV WKHXOWLPDWHRSHUDWLRQ FRQGLWLRQV DQG DOORZ IRU
DGMXVWPHQWVLIQHFHVVDU\
'DLO\ PRQLWRULQJ GXULQJ VWRUDJH RSHUDWLRQ LV LPSRUWDQW WR
DOORZ GHWHFWLRQ RI SRVVLEOH GHWHULRUDWLRQ RI WKH FRQWDLQPHQW
FULWHULD H[ ZDWHU FXUWDLQ FORJJLQJ +RZHYHU GXULQJ HDUO\












DV ZHOO DV DOO WKH SDUDPHWHUV WKDW PD\ LQWHUIHUH GLUHFWO\ RU
LQGLUHFWO\ $FFRUGLQJO\ WKH SDUDPHWHUV WR EH PRQLWRUHG DUH
UHODWHG WR VWRUDJH RSHUDWLRQ K\GURJHRORJLFDO HQYLURQPHQW
K\GUDXOLF KHDG GLVWULEXWLRQ DQG FKHPLFDO HYROXWLRQ DQG ZDWHU
EDODQFH QDWXUDO DQG DUWLILFLDO VXSSO\ DQG VHHSDJH ZDWHU VHH
WDEOH
&DYHUQ SDUDPHWHUV  7KH EDVLF RSHUDWLRQV RI DQ XQGHUJURXQG
VWRUDJH IDFLOLW\ DUH SURGXFW PRYHPHQWV DGGLQJ XS WR D
FRQWLQXRXVO\YDU\LQJWRWDOYROXPHLQVWRFN7KHWHPSHUDWXUHRI
WKH VWRUHG SURGXFW GHSHQGV RQ LWV RULJLQ :KHQ QR SURGXFW
PRYHPHQW RFFXUV ZLWKLQ WKH VWRUDJH FDYHUQ WKH SURGXFW
WHPSHUDWXUH VWDELOLVHV DW WKH JHRWKHUPDO WHPSHUDWXUH 7KH
FRPELQHG HIIHFW RI WKH WRWDO YROXPH LQ VWRFN DQG FDYHUQ
WHPSHUDWXUHJRYHUQVWKHZHOOKHDGSUHVVXUH





K\GURG\QDPLF SRWHQWLDO HYROXWLRQV LQ D ]RQH PRUH RU OHVV
LPSRUWDQW DURXQG WKH FDYHUQ 7KLV LQIOXHQFH LV UHFRUGHG E\
QHDUE\SLH]RPHWHUVDQGSUHVVXUHFHOOV
%DFN JURXQG GDWD VXFK DV QDWXUDO YDULDWLRQ H[ UDLQIDOO RU
DFWLYLWLHVRWKHUWKDQXQGHUJURXQGVWRUDJHRSHUDWLRQH[SXPSLQJ
IRU ZDWHU UHVRXUFHV SXPSLQJ RU LQMHFWLRQ IRU FLYLO HQJLQHHULQJ
DFWLYLWLHV RU PLQLQJ DFWLYLWLHV« DUH WR EH PRQLWRUHG E\ DQ
DGHTXDWHIDUILHOGSLH]RPHWHUQHWZRUNDQGFOLPDWLFGDWD
3DUDPHWHUV UHJDUGLQJ ZDWHU EDODQFH DQG LWV HYROXWLRQ 
)XUWKHU WZR SDUDPHWHUV UHJDUGLQJ WKH ZDWHU EDODQFH DUH
PRQLWRUHG WKH VHHSDJHZDWHU DPRXQW VHHSLQJ LQWR WKH VWRUDJH
FDYHUQ DQG WKHZDWHU VXSSO\ TXDQWLWLHV LQMHFWHG LQWR WKHZDWHU
FXUWDLQV\VWHP7KHHYROXWLRQRIWKHVHHSDJHZDWHUPD\LQGLFDWH
WKH HYROXWLRQ RI WKH K\GURJHRORJLFDO FKDUDFWHULVWLFV RI WKH KRVW
URFN RU WKH FDYHUQ LWVHOI FORJJLQJ RU GHFORJJLQJ RI JURXWHG
ILVVXUHV« 7KH HYROXWLRQ RI WKH ZDWHU VXSSO\ LQWR WKH ZDWHU
FXUWDLQ V\VWHP PD\ EH LQGLFDWLYH RI WKH HYROXWLRQ RI WKH
K\GURJHRORJLFDO FKDUDFWHULVWLFV RI WKHZDWHU FXUWDLQ V\VWHP WKH
KRVW URFN RU WKH FDYHUQ LWVHOI FORJJLQJ RU GHFORJJLQJ RI ZDWHU
FXUWDLQERUHKROHVRURIILVVXUHV«
&KHPLFDO DQDO\VHV DQG HYROXWLRQ  &KHPLFDO DQDO\VLV RI WKH
ZDWHU VHHSDJH LQWR WKH FDYHUQ LV QHHGHG WRJDLQ LQIRUPDWLRQRQ
SRVVLEOH LQWHUDFWLRQV ZLWK WKH URFN IRUPDWLRQ DQG RQ SRVVLEOH
FKDQJHVLQVXSSO\VRXUFHV6LJQLILFDQWFKDQJHVLQVHHSDJHZDWHU
FRPSRVLWLRQJHQHUDOO\SRLQWWRLPSRUWDQWHYHQWVZKLFKPD\KDYH
DQ LPSDFW RQ WKH VWRUDJH IDFLOLW\ DQG WKHUHIRUH KDYH WR EH
LQWHUSUHWHGDQGDFFRXQWHGIRU
7KH SK\VLFDO FKHPLFDO DQG EDFWHULRORJLFDO SURSHUWLHV RI ZDWHU
LQMHFWHGRUVHHSDJHZDWHUUHLQMHFWHGLQWRWKHZDWHUFXUWDLQLVWR
EHFKHFNHGUHJXODUO\%DFWHULDGHYHORSPHQWDQGKLJKWXUELGLGLW\
LQ WKHZDWHU FXUWDLQ V\VWHP VKRXOG EH DYRLGHG VLQFH WKLVPLJKW
OHDGWRFORJJLQJRIWKHZDWHUFXUWDLQV\VWHP)XUWKHUWKHSK\VLFDO
DQG FKHPLFDO FRPSDWLELOLW\ EHWZHHQ WKH LQMHFWHG ZDWHU DQG WKH
IRUPDWLRQZDWHU LV WR EH WHVWHG WR HQVXUH WKDW WKHZDWHU FXUWDLQ
ERUHKROHVGRQRWJHWFORJJHGE\SUHFLSLWDWHV
*URXQGZDWHU VDPSOHV DUH WDNHQ UHJXODUO\ IURPSLH]RPHWHUV IRU
IXOOFKHPLFDOSK\VLFDODQGEDFWHULDODQDO\VLV$OVRJDVFRQWHQWLV





)URP PRQLWRULQJ DQG WHVWLQJ GXULQJ VLWH LQYHVWLJDWLRQ D ILUVW
K\GURJHRORJLFDO PRGHO FDQ EH HVWDEOLVKHG 0RQLWRULQJ UHVXOWV
IURP WKH FRQVWUXFWLRQ SKDVH FRPSOHWH WKLV PRGHO ZLWK D EHWWHU




DW DWPRVSKHULF SUHVVXUH 7KH K\GURJHRORJLFDO HQYLURQPHQW LV
WKHUHIRUH VROLFLWHG DW FRQGLWLRQVPRUH VHYHUH WKDQ WKHPLQLPXP
RSHUDWLRQ SUHVVXUH RI WKH XOWLPDWH VWRUDJH IDFLOLW\2Q WKH RWKHU
KDQG GXULQJ WKH WLJKWQHVVWHVW WKH K\GURJHRORJLFDO HQYLURQPHQW
LV VROLFLWHG DW D SUHVVXUH KLJKHU WKDQ WKH PD[LPXP RSHUDWLRQ
SUHVVXUH %RWK VLWXDWLRQV HQFRPSDVV WKH XOWLPDWH RSHUDWLRQ
FRQGLWLRQVDQGDOORZIRUDGMXVWPHQWVLQFDVHQHHGHG'XULQJHDUO\
RSHUDWLRQ ZDWHU WDEOH UHFRYHU\ OHDGV WR WUDQVLHQW RSHUDWLRQ
FRQGLWLRQV7KH\DUHDODVWVWHSLQWKHORQJOHDUQLQJSURFHVVRIWKH
K\GURJHRORJLFDO HQYLURQPHQW D NQRZOHGJH VRQHFHVVDU\ IRU WKH
RSWLPDORSHUDWLRQRIXQGHUJURXQG/3*VWRUDJHLQXQOLQHGPLQHG


















































































































































 5DLQIDOOHIIHFWLYHUDLQIDOOHYDSRWUDQVSLUDWLRQWLGH« [ [ [ [ [ [ [ [ [ [
6XUIDFHSLH]RPHWHUV [ [ [ [ [ [ [ [ [ [
&KHPLFDODQDO\VHVIRUZDWHUVDPSOHV [ [ [ [ [ [ [ [ [ [
8QGHUJURXQGSLH]RPHWHUV  [ [ [ [ [ [   
3UHVVXUHFHOOV   [ [ [ [ [ [ [ [
















+\GUDXOLFKHDGLQZDWHUFXUWDLQ        [ [ [
6HHSDJHZDWHUIRUDFFHVVWXQQHOZDWHUFXUWDLQVKDIW«  [ [ [ [ [ [   
6HHSDJHZDWHUIRUFDYHUQ    [ [ [ [ [ [ [
:RUNLQJZDWHUZDWHUXVHGXQGHUJURXQGIRUFRQVWUXFWLRQ  [ [ [ [ [ [   









:DWHUVXSSO\WRWXQQHOVKDIWIORRGLQJ        [ [ 
&DYHUQSUHVVXUH         [ [
*DVYROXPHLQFDYHUQ         [ [
























6ZHGHQ 'DWD FROOHFWHG E\ WKH 6ZHGLVK 1XFOHDU )XHO DQG :DVWH 0DQDJHPHQW &R 6.% LQFOXGH JHRORJLF DQG JHRSK\VLFDO
SURSHUWLHV K\GUDXOLF UHVSRQVH DQG JHRFKHPLFDO GLVWULEXWLRQV 6WDWHRIWKHDUW FKDUDFWHUL]DWLRQ DW WKH bVS|+DUG 5RFN /DERUDWRU\
+5/LQ6ZHGHQSURYLGHGDXQLTXHRSSRUWXQLW\IRUGHWDLOHGK\GURJHRORJLFFKDUDFWHUL]DWLRQUHVXOWLQJLQWZRGHWDLOHGK\GURJHRORJLF
VWUXFWXUDOPRGHOVRIDNPE\NPE\NPGHHSEORFNRIFU\VWDOOLQHEDVHPHQW6RPHRIWKHGDWDZHUHFROOHFWHGDWWKHVLWHRIWKH
XQGHUJURXQG bVS| +DUG 5RFN /DERUDWRU\ +5/ SULRU WR H[FDYDWLRQ RI WKH ODERUDWRU\ 7KH LQLWLDO PRGHO EDVHG RQ WKLV GDWD LV





LQIRUPDWLRQ LQFOXGLQJERUHKROH UDGDU UHVXOWLQJ LQDJHRORJLFVWUXFWXUDOPRGHORI WKHVLWHFRPSULVLQJIUDFWXUH]RQHV)LJ OHIW
1H[WWKHVWUXFWXUDOPRGHOZDVHYDOXDWHGIRULWVDELOLW\WRGHVFULEHSDWKVRIVXEVXUIDFHIOXLGIORZE\VSDWLDOFRPSDULVRQRIVWUXFWXUH
ORFDWLRQV ZLWK ORFDWLRQV RI IORZV HQWHULQJ ERUHKROHV DQG E\ FRPSDULVRQ RI VWUXFWXUH ORFDWLRQV ZLWK SUHVVXUHSURSDJDWLRQ SDWKV
REVHUYHGGXULQJWUDQVLHQWK\GUDXOLFLQWHUIHUHQFHWHVWV7KHLQLWLDOPRGHODSSHDUVWREHDJRRGGHVFULSWRURISUHVVXUHSURSDJDWLRQSDWKV
















• Representative parameters as input data 
• Modelling of groundwater flow and transport issues 
• Continuum and discontinuum approaches, stochastic and deterministic treatment 














$ E V W U D F W   7KHSUHGLFWLRQRIIORZDQGWUDQVSRUWEHKDYLRXULQIUDFWXUHGSRURXVPHGLDLVYHU\FRPSOLFDWHGGXHWRWKHLUH[WUHPHO\
KHWHURJHQHRXVVWUXFWXUH7KHUHIRUHWKHGHYHORSPHQWRIDSUDFWLFDOWRROWRSUHGLFWWKHJURXQGZDWHUIORZDQGVROXWHWUDQVSRUWZLWKRXW
NQRZLQJWKHH[DFWJHRPHWU\RIWKHIUDFWXUHGSRURXVPHGLDLVUHTXLUHG7REHDSSOLFDEOHWRHQJLQHHULQJSUREOHPVWKLVWRROKDVWREHDV
VLPSOHDVSRVVLEOH DQGDV H[DFW DVQHFHVVDU\E\FRQVLGHULQJ WKHFKDUDFWHULVWLF IORZDQG WUDQVSRUWSURFHVVHVRI WKH IUDFWXUHGSRURXV
PHGLD)RUWKHVHVSHFLILFUHDVRQVDGXDOSHUPHDELOLW\PRGHOEDVHGRQDGRXEOHFRQWLQXXPDSSURDFKLVDVXLWDEOHPHWKRG,QDILUVWVWHS
DVLPSOLILHGWZRGLPHQVLRQDOGHWHUPLQLVWLFPRGHORIDORFDOVFDOHIUDFWXUHQHWZRUNZDVXVHGWRLQYHVWLJDWHEDVLFTXHVWLRQVVXFKDVWKH
VLJQLILFDQFH RI DGYHFWLRQZLWKLQ WKHSHUPHDEOHPDWUL[ DQGPDWUL[GLIIXVLRQRQ WKHJHQHUDO VROXWH WUDQVSRUWZLWK UHVSHFW WRYDU\LQJ







5HDOLVWLF IUDFWXUHV PRVWO\ IRUP FRPSOH[ QHWZRUN JHRPHWULHV
ZLWKLQ D PRUH RU OHVV SHUPHDEOH URFN PDWUL[ :KHUHDV WKH
IUDFWXUHV SURYLGH SUHIHUHQWLDO SDWKZD\V IRU IOXLGPRYHPHQW DQG
VROXWH WUDQVSRUW WKH URFN PDWUL[ SOD\V D SULPDU\ UROH IRU IOXLG
VWRUDJH DQG UHWDUGDWLRQ RI FRQWDPLQDQWV 7KH ODUJH SHUPHDELOLW\
GLIIHUHQFH EHWZHHQ WKH IUDFWXUHV DQG WKH PDWUL[ DV ZHOO DV WKH
FRPSOH[ JHRPHWULHV UHVXOW LQ VWURQJ KHWHURJHQHRXV IORZ DQG
WUDQVSRUWSDWWHUQV$VWKHUHLVQRSRVVLELOLW\WRREWDLQWKHGHWDLOHG
LQIRUPDWLRQRI WKHIUDFWXUHJHRPHWU\DQGK\GUDXOLFSURSHUWLHV LQ
UHDOLW\ WR GHVFULEH WKH IORZ DQG WUDQVSRUW SDWWHUQV D V\QWKHWLF
IUDFWXUHQHWZRUNZDVXVHGLQWKHSUHVHQWHGVWXG\7KLVV\QWKHWLF
IUDFWXUHPDWUL[V\VWHPZDVFUHDWHGDQGVLPXODWHGE\WKHSURJUDP
SDFNDJH 52&.)/2: :ROOUDWK DQG +HOPLJ  XVLQJ WKH
ILQLWHHOHPHQWPHWKRG
52&.)/2: HQDEOHV WR FRXSOH ILQLWH LUUHJXODU HOHPHQWV RI
GLIIHUHQWGLPHQVLRQVWRUHSURGXFHWKHJHRPHWU\RIIUDFWXUHGURFN
V\VWHPV7KLVLQFOXGHVRQHGLPHQVLRQDOHOHPHQWVIRUSUHIHUHQWLDO
IORZ SDWKV WZRGLPHQVLRQDO HOHPHQWV IRU IUDFWXUHV DQG WKUHH
GLPHQVLRQDOHOHPHQWVIRUPDWUL[EORFNV7KHILQLWHHOHPHQWPHVK
JHQHUDWLRQ FDQ EH GRQHPDQXDOO\ RU E\ XVLQJ WKH LPSOHPHQWHG
PHVKJHQHUDWRUZKLFKFDQUHILQHWKHPHVKQHDUGHVLUHGORFDWLRQV
VWDWLF PHWKRG RU DW WKH ORFDWLRQV ZLWK KLJK K\GUDXOLF RU
FRQFHQWUDWLRQJUDGLHQWV DGDSWLYHPHWKRG7KH IORZFDOFXODWLRQ
RIWKHSHUPHDEOHSRURXVPDWUL[ZKLFKFRQWULEXWHVWRWKHRYHUDOO
IORZ LV EDVHG RQ 'DUF\¶V ODZ :LWKLQ WKH IUDFWXUHV WKH IORZ
UHJLPH FDQ EH FDOFXODWHG E\ WKH ODZ RI +DJHQ3RLVHXLOOH IRU
ODPLQDURUE\WKHODZVRI%ODVLXVRU1LNXUDGVHIRUWXUEXOHQWIORZ













VFDOH /DQJ  7KH IUDFWXUH QHWZRUN DV ZHOO DV WKH URFN
PDWUL[ DUH WUHDWHG DV VHSDUDWHG EXW RYHUODSSLQJ DQG LQWHUDFWLQJ
FRQWLQXDZLWKGLIIHUHQWIORZDQGWUDQVSRUWSDUDPHWHUVILJ7R
LGHQWLI\WKHVHHIIHFWLYHSDUDPHWHUVRIHDFKFRQWLQXXPE\LQYHUVH
PRGHOOLQJ WKH GLVFUHWHIUDFWXUHSHUPHDEOHPDWUL[PRGHOZLOO EH






)RU WKH QXPHULFDO LQYHVWLJDWLRQV RQ IORZ DQG WUDQVSRUWZLWKLQ D
VDWXUDWHG GLVFUHWHIUDFWXUHSHUPHDEOHPDWUL[ V\VWHPDQ LGHDOL]HG
WZRGLPHQVLRQDOUHJXODUIUDFWXUHQHWZRUNZDVVHWXS,QWKLVFDVH
WKHIUDFWXUHVZHUHHPEHGGHGDVRQHGLPHQVLRQDOOLQHHOHPHQWVLQ
D WZRGLPHQVLRQDO PDWUL[ 7KLV V\QWKHWLF IUDFWXUHG SRURXV
PHGLXP FRQWDLQHG WZR VHWV RI IUDFWXUH SRSXODWLRQV ILJ 7KH
IUDFWXUHV RI HDFK SRSXODWLRQ ZHUH HTXLGLVWDQW DQG SRVVHVVHG
FRQVWDQWDSHUWXUHYDOXHV7KHSRURXVPDWUL[EORFNVEHWZHHQWKHP
ZHUH GHILQHG DV KRPRJHQHRXV DQG LVRWURSLF 2Q WKH LQ DQG
RXWIORZ ERXQGDU\ RI WKH PRGHO D 'LULFKOHWERXQGDU\FRQGLWLRQ
ZDV DSSOLHG ZKLFK OHG LQ WKH SUHVHQWHG FDVH WR D FRQVWDQW
K\GUDXOLF JUDGLHQW 7KH RWKHU WZR VLGHV RI WKHPRGHO ZHUH QR













7R DQDO\VH WKH HIIHFWV RI VHYHUDO SDUDPHWHU YDOXHV RQ WKH IORZ
DQGWUDQVSRUWSDWWHUQRIWKHV\QWKHWLFIUDFWXUHGSRURXVPHGLXPD












$V D UHVXOW RI WKH VPDOO PDWUL[ SHUPHDELOLW\ WKH IUDFWXUHV
GRPLQDWHG WKH JOREDO IORZ RI WKH V\VWHP'XH WR WKH YHU\ KLJK
IORZ YHORFLW\ GLIIHUHQFH DQG D VPDOO GLIIXVLRQ FRHIILFLHQW WKH
IUDFWXUHPDWUL[ H[FKDQJH ZDV YHU\ ORZ )RU WKHVH UHDVRQV WKH
WUDFHU WUDQVSRUW WRRN SODFH FRPSOHWHO\ ZLWKLQ WKH IUDFWXUHV









FRQWULEXWHG WR WKH JOREDO IORZ OHDGLQJ WR H[FKDQJH SURFHVVHV
EHWZHHQ IUDFWXUHV DQG PDWUL[ EORFNV )ROORZLQJ WKH K\GUDXOLF
JUDGLHQW WKHZDWHU HQWHUHG WKH IUDFWXUHV IURP WKH OHIWKDQG VLGH
DQG ZDV OHDYLQJ WKHP RQ WKH ULJKW KDQG VLGH DGGLWLRQDO WR WKH
IUDFWXUHIORZ,QWHUPVRIWUDQVSRUWWKLVIUDFWXUHPDWUL[H[FKDQJH
UHVXOWHG LQ DGYHFWLYH H[FKDQJH SURFHVVHV ILJD 7KH JOREDO
WUDQVSRUW RFFXUUHG ZLWKLQ WKH IUDFWXUHV DV ZHOO DV LQ WKHPDWUL[
EORFNV 'XH WR WKH IUDFWXUHPDWUL[ H[FKDQJH DQG WKH
KHWHURJHQHRXV IORZ ILHOG ZLWKLQ WKH V\VWHP WKH WUDFHU
FRQFHQWUDWLRQ PD[LPXP IURQW PRYHG VORZHU WKDQ IRU WKH
UHIHUHQFHV\VWHPDQGZDVKLJKO\ORQJLWXGLQDOO\GLVSHUVHG
7KH LQFUHDVH RI WKH GLIIXVLRQ FRHIILFLHQW PV E\ ORZ
PDWUL[ SHUPHDELOLW\ OHG WR D IUDFWXUHPDWUL[ H[FKDQJH DV ZHOO





ILJE ,Q WKLV FDVH WKH PDWUL[ GLIIXVLRQ UHVXOWHG LQ VPDOOHU
ORQJLWXGLQDO GLVSHUVLRQ WKDQ WKH PDWUL[ DGYHFWLRQ EXW LW ZDV
VLJQLILFDQWKLJKHUWKDQLQWKHUHIHUHQFHV\VWHP
,I WKH WUDFHU ZDV DGGHG RQO\ WR D SDUW RI WKH HQWLUH LQIORZ
FURVVVHFWLRQ WKH SOXPH EHFDPH WUDQVYHUVDOO\ GLVSHUVHG GXH WR
WKHIUDFWXUHQHWZRUNILJF$WWKHIUDFWXUHFRQIOXHQFHVVLWXDWHG
DWWKHSOXPHERXQGDULHVWKHGLIIHUHQWWUDFHUFRQFHQWUDWLRQVZHUH
IOX[ ZHLJKWHG DYHUDJHG E\ FRPSOHWH PL[LQJ 7KLV GLOXWLRQ
SURFHVVOHGWRDUHGXFHGWUDFHUFRQFHQWUDWLRQPD[LPXPZLWKLQWKH
IUDFWXUHVLQGHSHQGHQFHRIWKHGLVWDQFHIURPWKHWUDFHULQSXWDQG















7R VHW XS WKH GRXEOH FRQWLQXXP PRGHO IXUWKHU VWXGLHV RQ WKH
ORFDO VFDOH IUDFWXUH QHWZRUN PRGHO DV ZHOO DV RQ DQ H[WHQGHG
UHJLRQDOVFDOHPRGHODUHQHFHVVDU\,QDQH[WVWHSWKHJOREDOIORZ
DQG WUDQVSRUW SDWWHUQ RI WKH GRXEOH FRQWLQXXPPRGHO KDV WR EH
DGMXVWHG WR WKLV RI WKH GLVFUHWHIUDFWXUHSHUPHDEOHPDWUL[PRGHO
E\ GHWHUPLQLQJ WKH SDUDPHWHU YDOXHV RI HDFK FRQWLQXXPZLWKLQ
UHDOLVWLF RUGHUV RI PDJQLWXGH 2I SDUWLFXODU LQWHUHVW DUH WKH





/DQJ 8  6LPXODWLRQ UHJLRQDOHU 6WU|PXQJV XQG
7UDQVSRUWYRUJlQJH LQ .DUVWDTXLIHUHQ PLW +LOIH GHV
'RSSHONRQWLQXXP$QVDW]HV 0HWKRGHQHQWZLFNOXQJ XQG
3DUDPHWHUVWXGLH 'LVVHUWDWLRQ ,QVWLWXW IU :DVVHUEDX
8QLYHUVLWlW6WXWWJDUWLQJHUPDQ
0RKUORN 8  3DUDPHWHU,GHQWLILNDWLRQ LQ 'RSSHO
.RQWLQXXP0RGHOOHQ DP %HLVSLHO YRQ .DUVWDTXLIHUHQ
'LVVHUWDWLRQ7ELQJHU JHRZLVVHQVFKDIWOLFKH$UEHLWHQ& LQ
JHUPDQ
:ROOUDWK - +HOPLJ 5  6070 6WU|PXQJV XQG
7UDQVSRUWPRGHOO IU LQNRPSUHVVLEOH )OXLGH 7KHRULH XQG
%HQXW]HUKDQGEXFK 7HFKQLFDO UHSRUW ,QVWLWXW IU
6WU|PXQJVPHFKDQLN8QLYHUVLWlW+DQQRYHULQJHUPDQ
;X73UXHVV.0RGHOLQJPXOWLSKDVHQRQLVRWKHUPDOIOXLG





























7KH VSDWLDO YDULDELOLW\ RI IORZ DQG WUDQVSRUW SURSHUWLHV LQ
IUDFWXUHG VHGLPHQWDU\ DTXLIHUV FDQ EH JUHDWO\ LQIOXHQFHG E\




FRVWO\ WR FKDUDFWHULVH IUDFWXUH DUUD\V LQ WKH ILHOG 7KH DSSURDFK
WDNHQ WRPRGHOOLQJ IUDFWXUHG DTXLIHUV LVPRVW FRPPRQO\ WKDW RI
VWRFKDVWLF QHWZRUN PRGHOOLQJ 8QIRUWXQDWHO\ VXFK PRGHOV PD\
QRWH[KLELWWKHORQJUDQJHSUHIHUHQWLDOSDWKZD\VDVVRFLDWHGZLWK
FKDQQHOOLQJ RI IORZ WKURXJK IUDFWXUH QHWZRUNV ZKLFK DUH
LPSRUWDQW IRU FRQWDPLQDQW WUDQVSRUW %HUNRZLW] DQG %DOEHUJ

2QH DSSURDFK WR WKH JHQHUDWLRQ RI PRUH UHDOLVWLF VSDWLDO
FRUUHODWLRQV LQ IUDFWXUH QHWZRUNV LV WR H[SOLFLWO\ PRGHO WKH
GHYHORSPHQWRI IUDFWXUHVDFFRUGLQJ WRIXQGDPHQWDOSK\VLFDODQG
FKHPLFDO ODZV %HNUL HW DO  *URYHV DQG +RZDUG 
'UH\EURGW  'MLN DQG %HUNRZLW]  6LHPHUV DQG
'UH\EURGW  .DXIPDQ DQG %UDXQ  +RZHYHU WKH
LGHDOLVHG SURFHVVHV WKDW DUH PRGHOOHG VXFK DV GLVVROXWLRQ DQG
SUHFLSLWDWLRQ FDQ JURVVO\ RYHUVLPSOLI\ WKH PRUH FRPSOH[ ILHOG
VLWXDWLRQ ZKHUH K\GURPHFKDQLFDO SOXFNLQJ DEUDVLRQ DQG
PLFURELDOO\PHGLDWHGSURFHVVHVPD\EHVLJQLILFDQW
7KHZRUNGHVFULEHGKHUHLVDFRQWULEXWLRQWRWKHHQGHDYRXURI
ILQGLQJ D PLGGOHZD\ EHWZHHQ VWRFKDVWLF DQG SURFHVVEDVHG
FRQVWUXFWLRQ RI IUDFWXUH QHWZRUNV IRU IORZ DQG WUDQVSRUW









7KH 0232' PRGHO KDV EHHQ IRUPXODWHG DV DQ µLQLWLDO YDOXH
SUREOHP¶H[SUHVVHGE\DVHWRI1ILUVWRUGHUHTXDWLRQVRIWKHIRUP
GDLWGW *DL YLSZKHUHDLW LV WKH DSHUWXUH RI SRUH L L 
«1DWWLPHWVXEMHFWWRWKHLQLWLDODSHUWXUHYDOXHVDL DL
*LVDXVHUGHILQHGIXQFWLRQSLVDVHWRISDUDPHWHUVDQGYLLVWKH
PDJQLWXGH RI WKH YROXPHWULF IORZ UDWH LQ SRUH L )RU WKHPRGHO
UXQVGHVFULEHG LQ WKLVSDSHUDSHUWXUHJURZWKUDWHZDVUHVWULFWHGWR
WKHIRUPGDLGW YLHZKHUHHLVWKHDSHUWXUHJURZWKUDWHH[SRQHQW
7KHPRGHO LVKLJKO\IOH[LEOH ,W LVFDSDEOHRIPRGHOOLQJ'
DQG'DUUD\VZLWKERWK UHJXODUDQGUDQGRPVWUXFWXUHVDZLGH
UDQJH RI LQLWLDO DSHUWXUH GLVWULEXWLRQV DQG IOH[LEOH ERXQGDU\
FRQGLWLRQV LQFOXGLQJ FRQVWDQW KHDG RU IORZ FRQGLWLRQV $OO
VLPXODWLRQV UHSRUWHG LQ WKLV SDSHU ZHUH SHUIRUPHG RQ  E\ 
DUUD\VRIIUDFWXUHVDUUDQJHGRQDQRUWKRJRQDOODWWLFHZLWKDFRQVWDQW
XQLW IOX[ FRQGLWLRQ DFURVV WKH ODWHUDO ERXQGDULHV DQG D QRIORZ
FRQGLWLRQ DW WKH XSSHU DQG ORZHU ERXQGDULHV $OVR WKH IORZ UDWHV
ZHUH UHVWULFWHG WR EHLQJ SURSRUWLRQDO WR WKH FXEH RI WKH DSHUWXUH
µFXELFODZ¶DQGWRWKHKHDGJUDGLHQW'DUF\¶VODZ
:HFKRVHWRZRUNZLWKWKHVWDWLVWLFVRIWKHORJDULWKPVRIWKH
DSHUWXUHV ]L   ORJ DL $OO WKH PRGHO UXQV GHVFULEHG KHUH XVHG
LQLWLDO DSHUWXUH GLVWULEXWLRQV WKDW ZHUH VSDWLDOO\ XQFRUUHODWHG DQG
ORJQRUPDO:HGHQRWH WKH LQLWLDOPHDQDQGVWDQGDUGGHYLDWLRQRI
WKH]LYDOXHVE\P]DQGV] UHVSHFWLYHO\XQOHVVRWKHUZLVHVWDWHG
WKH JHRPHWULF PHDQ RI WKH LQLWLDO DL YDOXHV ZDV VHW WR XQLW\
HTXLYDOHQWWRP] 
0RGHO UXQV ZHUH SHUIRUPHG WR LQYHVWLJDWH WKH HIIHFWV RI
FKDQJLQJWKHJURZWKUDWHH[SRQHQWHDQGWKHZLGWKRIWKHLQLWLDO
DSHUWXUH GLVWULEXWLRQ V] 7KH DSHUWXUH JURZWKUDWH H[SRQHQW ZDV











PRGHUDWH JURZWKUDWH H[SRQHQWV   H   URZ DSHUWXUHV
EHFRPH LQFUHDVLQJO\ KHWHURJHQHRXV LQ WKH HYROYHG DUUD\V SODQDU
KHWHURJHQHLWLHVGHYHORSSDUDOOHO WRWKHKHDGJUDGLHQWIRUORZYDOXHV
RIV]ZKLOHDQDVWRPRVLQJVWUXFWXUHVGHYHORSDWKLJKHUV]YDOXHV)RU
JURZWKUDWH H[SRQHQWV LQ WKH UDQJH   H   SUHIHUHQWLDOO\
HQODUJHG DUUD\VSDQQLQJ SDWKV GHYHORS :KHQ ERWK H DQG V] DUH
ODUJH WKH DUUD\VSDQQLQJ VWUXFWXUHV QR ORQJHU GHYHORS LQVWHDG
LVRODWHGHQODUJHGDSHUWXUHVGHYHORS7KHUDQJHRIHYROYHGVWUXFWXUHV
LV LOOXVWUDWHG VFKHPDWLFDOO\ LQ )LJ 2QO\ VLJQLILFDQWO\ HQODUJHG
FRPSRQHQWVRIWKHRUWKRJRQDOIUDFWXUHDUUD\DUHLOOXVWUDWHG/LPLWHG
DGGLWLRQDOPRGHOOLQJKDVVKRZQWKDWVLPLODU WUHQGVLQWKHJHRPHWU\
RI GHYHORSLQJ DUUD\V FDQEHJHQHUDWHGE\YDU\LQJ WKH LQLWLDOPHDQ
ORJ DSHUWXUH P] )RU H[DPSOH VPDOOHU YDOXHV RI P] OHDG WR WKH
SURPRWLRQ RI VLQJOH DUUD\VSDQQLQJ VWUXFWXUHVZKLOH KLJKHU YDOXHV
RIP] WHQG WR OHDG WRPRUH KRPRJHQHRXV DSHUWXUHV SDUDOOHO WR WKH
KHDGJUDGLHQW
7KH IUDFWXUH DSHUWXUH GLVWULEXWLRQV DSSHDU WR EHFRPH
G\QDPLFDOO\ VWDEOHZLWKPRGHO WLPH7KLV LV LOOXVWUDWHG LQ)LJ
ZKLFKSUHVHQWVQLQHDSHUWXUHPDSVEDVHGRQV] DQGH 
7KH PDSV LQ WKH OHIWKDQG FROXPQ RI WKH ILJXUH DUH WKH IXOO
IUDFWXUHDSHUWXUHPDSVIRUDUUD\VDWPRGHOWLPHVW DQG
7KH FHQWUH DQG ULJKWKDQG FROXPQV VKRZ RQO\ WKH ODUJHVW 
DQG  RI DSHUWXUHV UHVSHFWLYHO\ $W DQ HDUO\ VWDJH LQ WKH
HYROXWLRQ RI WKH DUUD\ WKH ODUJHVW DSHUWXUHV DUH GLVWULEXWHG
WKURXJKRXW WKH DUUD\ ZLWK ERWK URZ DQG FROXPQSDUDOOHO
RULHQWDWLRQV$V WKHDUUD\GHYHORSV WKH ODUJHVW IUDFWXUHDSHUWXUHV
IRUPPRUH FRQWLQXRXV VWUXFWXUHV DOLJQHGZLWK WKH KHDG JUDGLHQW
OHIW WR ULJKW ZKLFK DW KLJKHU DSHUWXUH JURZWKUDWH H[SRQHQWV


OHDG WR WKH GHYHORSPHQW RI WKH SUHIHUHQWLDOO\ HQODUJHG DUUD\
VSDQQLQJ SDWKV )RUPDWLRQ RI G\QDPLFDOO\ VWDEOH DSHUWXUH
GLVWULEXWLRQV DSSHDUV WR FRUUHVSRQG ZLWK UHRUJDQLVDWLRQ RI WKH
ODUJHVWIUDFWXUHDSHUWXUHVDWHDUO\WLPHVLQWKHGHYHORSPHQWRIWKH
DUUD\V2QFHWKHVWDEOHFRQILJXUDWLRQKDVGHYHORSHGWKHDSHUWXUH
ILHOG LV VLPSO\ DPSOLILHG IROORZLQJ WKH DSHUWXUH JURZWK ODZ
/LPLWHGDGGLWLRQDOPRGHOOLQJWDNLQJHYROYHGDSHUWXUHVDUUD\VDV
WKH VWDUWLQJSRLQW IRUQHZJURZWKPRGHOV VXJJHVWV WKDWFKDQJHV

























)LJXUH  6FKHPDWLF LOOXVWUDWLRQ RI WKH JHRPHWU\ RI HYROYHG

































0DQ\ RI WKH HYROYHG 0232' VWUXFWXUHV H[KLELW VLPLODU
JHRPHWULHV WR WKRVH GHYHORSHG XVLQJ GLVVROXWLRQDO JURZWK WR
PRGHO NDUVW IRUPDWLRQ DQG GHYHORSPHQW LQ IUDFWXUHG FDUERQDWH
URFNV7KHUH LV KRZHYHU D IXQGDPHQWDO GLIIHUHQFHEHWZHHQ WKH
PDQQHU LQ ZKLFK SRURVLW\ GHYHORSV LQ WKH0232'PRGHO DQG
SURFHVVEDVHGPRGHOV7KHPRGHOLVFRQILJXUHGVRWKDWLWLVDOZD\V
LQDTXDVLVWHDG\VWDWHRIIORZDQGVLQFHDSHUWXUHJURZWKGHSHQGRQ
WKH PDJQLWXGH RI WKH IOX[ QRW LWV GLUHFWLRQ PRGHO UXQV XVLQJ
LGHQWLFDOLQLWLDODSHUWXUHGLVWULEXWLRQVZLWKWKHVDPHKHDGJUDGLHQWV
RU IOX[HVIURPOHIW WRULJKWDQG IURPULJKW WROHIWGHYHORSLGHQWLFDO
HYROYHGDSHUWXUHDUUD\V7KHUH LVQR WUDFNLQJRI µSDFNHWV¶RIZDWHU
WKURXJK WKH PRGHO &RQVHTXHQWO\ 0232' GHYHORSV IUDFWXUH
SRURVLW\ LQFOXGLQJ WKH SUHIHUHQWLDOO\ HQODUJHG DUUD\VSDQQLQJ
VWUXFWXUHV ZLWKRXW SURSDJDWLRQ RI GLVVROXWLRQDO IURQWV XQGHU
FKHPLFDOJUDGLHQWV,QVWHDGIUDFWXUHSRURVLW\GHYHORSVLQUHVSRQVH
WR ORFDO IORZ FRQGLWLRQV FRQWUROOHG E\ WKH DSHUWXUH ILHOG
GLVWULEXWLRQDQGDUHPRWHPDFURVFRSLFKHDGJUDGLHQW
$QXPEHURIDSSURDFKHVKDYHEHHQH[SORUHGLQDQDWWHPSWWR
FKDUDFWHULVH WKH DUUD\V%DVLF YLVXDOLVDWLRQ HQDEOHV D TXDOLWDWLYH
GHVFULSWLRQ RI WKH UDQJH RI HYROYHG VWUXFWXUHV VWDWLVWLFV SURYLGH
TXDQWLWDWLYHGHVFULSWLRQVRIWKHDUUD\VDQGYDULRJUDPVFDQEHXVHG
WR FKDUDFWHULVH WKH GHYHORSPHQW RI VSDWLDO FRUUHODWLRQ LQ WKH
DSHUWXUH ILHOG 7KH GHYHORSPHQW RI FRUUHODWLRQV LQ IORZ UDWHV
EHWZHHQDGMDFHQWIUDFWXUHVFDQDOVREHWUDFNHGE\FRPSDULQJWKH
PD[LPXPIORZLQWRDQGRXWRIDIUDFWXUHLQWHUVHFWLRQLQFUHDVLQJ
FRUUHODWLRQ LQ PD[LPXP LQIORZ DQG RXWIORZ ZLWK WLPH LV D
FKDUDFWHULVWLF IHDWXUH RI DUUD\ GHYHORSPHQW 0RUH ULJRURXV
SDUDPHWHULVDWLRQRIWKHHYROYLQJDUUD\VLVIDUPRUHSUREOHPDWLF,W




YHU\ VPDOO DUUD\V FRQVLVWLQJ RI WZR WR ILYH IUDFWXUHV KDYH EHHQ
GHYHORSHG WR SUHGLFW DSHUWXUH JURZWK 7KH DQDO\WLFDO PRGHO
UHYHDOHGFULWLFDOH[SRQHQWV'HSHQGLQJRQWKHJHRPHWU\V\VWHPV
ZLWK PRUH WKDQ DERXW ILYH IUDFWXUHV JDYH ULVH WR FRPSOLFDWHG








$ VLPSOHPRGHO EDVHGRQD OLPLWHGQXPEHURI DVVXPSWLRQV
DQG RQ VLPSOH JURZWK ODZV DSSOLHG WR LGHDOLVHG IUDFWXUH DUUD\V
ZLWKVLPSOHLQLWLDODSHUWXUHGLVWULEXWLRQVFDQEHXVHGWRJHQHUDWH
ORQJUDQJH FRUUHODWLRQV DUUD\VSDQQLQJ SDWKV LQ HQODUJHG
IUDFWXUHDUUD\V,QWKDWFRQWH[W LWKROGVWKHSRWHQWLDOWRUHSOLFDWH






%HUNRZLW] % %DOEHUJ ,  3HUFRODWLRQ WKHRU\ DQG LWV
DSSOLFDWLRQ WR JURXQGZDWHU K\GURORJ\ :DWHU 5HVRXUFHV
5HVHDUFK
%HNUL 6 7KRYHUW -) $GOHU 30  'LVVROXWLRQ DQG
GHSRVLWLRQLQIUDFWXUHV(QJLQHHULQJ*HRORJ\
'LMN 3 %HUNRZLW] %  3UHFLSLWDWLRQ DQG GLVVROXWLRQ RI
UHDFWLYHVROXWHVLQIUDFWXUHV:DWHU5HVRXUFHV5HVHDUFK

'UH\EURGW :  3ULQFLSOHV RI HDUO\ GHYHORSPHQW RI NDUVW
FRQGXLWV XQGHU QDWXUDO DQGPDQPDGH FRQGLWLRQV UHYHDOHG E\
PDWKHPDWLFDO DQDO\VLV RI QXPHULFDO PRGHOV:DWHU 5HVRXUFHV
5HVHDUFK
*URYHV &* +RZDUG $'  (DUO\ GHYHORSPHQW RI NDUVW




6LHPHUV - 'UH\EURGW :  (DUO\ GHYHORSPHQW RI NDUVW
































$ E V W U D F W   8VLQJIUDFWXUHGDWDIURP6HOODILHOG8.DPRGHOOLQJEDVHGDSSURDFKWRFKDUDFWHULVLQJWKHFRQWULEXWLRQRIK\GURPHFK
DQLFDOSURFHVVHVWRODUJHVFDOHIORZDQGWUDQVSRUWUHYHDOVWKUHHLPSRUWDQWK\GURJHRORJLFDOLVVXHVIRUWKHSHUIRUPDQFHDVVHVVPHQWRID
UHSRVLWRU\KRVW URFN)LUVW LQIHUHQFHRI WKHVWDWLVWLFDOPRGHORIIUDFWXUHOHQJWKGLVWULEXWLRQXVLQJSRZHUODZGLVWULEXWLRQPRGHOVFDQ








$ QXPHULFDO DSSURDFK WR TXDQWLI\LQJ WKH LPSRUWDQFH RI K\GUR
PHFKDQLFDO+0SURFHVVHVLQIUDFWXUHGURFNWRODUJHVFDOHUDGLR
QXFOLGH PLJUDWLRQ WKURXJK D UHSRVLWRU\ KRVW URFN KDV EHHQ
GHYHORSHG ILJ DQG WHVWHG 6WDWLVWLFDO PRGHOV RI IUDFWXUH VHW
SURSHUWLHV LQIHUUHG IURP PHDVXUHPHQWV DUH XVHG WR JHQHUDWH
PXOWLSOHUHDOLVDWLRQVRIGLVFUHWHIUDFWXUHQHWZRUNV')1WKDWFDQ
EHLQSXWHGWRQXPHULFDOPRGHOVWRH[SORUHWKHUHODWLRQVKLSRIWKH
K\GUDXOLF SURSHUWLHV WR WKH LQVLWX VWUHVV FRQGLWLRQV 7KH XQFHU
WDLQWLHVLQKHUHQWLQWKHLGHQWLILFDWLRQRIWKHVWDWLVWLFDOSDUDPHWHUV
IRUWKH')1IURPWKHIUDFWXUHGDWDDUHFRQVLGHUHGH[SOLFLWO\LQWKH
DQDO\VLVRI WKH ORFDO VFDOHEHKDYLRXURI WKH IUDFWXUHG URFN7ZR
QXPHULFDO FRGHV KDYH EHHQ FRXSOHG WR H[SORUH WKH K\GUR
PHFKDQLFDO LQWHUDFWLRQV EHWZHHQ IORZ DQG VWUHVV SDWWHUQV 7KH
XQLYHUVDO GLVWLQFW HOHPHQW FRGH 8'(&%% LQFRUSRUDWLQJ WKH
%DUWRQ%DQGLV PRGHO IRU IUDFWXUH VWUHVV DQG VWUDLQ LV XVHG WR
GHWHUPLQHWKH+0FRQWULEXWLRQVWRIUDFWXUHDSHUWXUHGLVWULEXWLRQV
DQG WKH IUDFWXUH IORZ FRGH )5$&' LV XVHG WR FDOFXODWH WKH
IORZVDFURVVWKHVWUHVVPRGLILHG')1,QWKHILQDOVWDJHWKHORFDO
VFDOHK\GUDXOLFSURSHUWLHVDUHXSVFDOHGIRU LQSXW WRD ODUJHVFDOH
FRQWLQXXPPRGHO7KHPHWKRGRORJ\KDVEHHQDSSOLHGXVLQJGDWD
IURPWKH6HOODILHOG8.VLWHLQYHVWLJDWLRQSURJUDPPHSHUIRUPHG
E\8QLWHG.LQJGRP1LUH[ /LPLWHG DQG SURYLGHG DV SDUW RI WKH
VHFRQG %HQFK0DUN 7HVW %07 RI WKH LQWHUQDWLRQDO FROODER
UDWLYHSURJUDPPH'(&29$/(;,,,7KHPRGHOOLQJZDVFDUULHG
RXWLQWZRGLPHQVLRQV'WRFRQVWUDLQWKHFRPSXWDWLRQDOHIIRUW
$ ' PRGHO SODQH RULHQWDWHG DORQJ WKH PDLQ KRUL]RQWDO VWUHVV




















     

ZKHUH 1) LV WKH QXPEHU RI IUDFWXUHV SHU XQLW DUHD RI IUDFWXUH
OHQJWKJUHDWHUWKDQWKHOHQJWK/&LVWKHGHQVLW\FRQVWDQWDQG'LV
WKHIUDFWDOGLPHQVLRQILJ2QO\IUDFWXUHVZLWKDOHQJWKJUHDWHU
WKDQ P ZHUH UHFRUGHG WKHUHIRUH P ZDV FKRVHQ DV WKH
ORZHUFXW RI OHQJWK RI WKH SRZHUODZ 7KH ORZHUFXW RII OHQJWK





WDWLYH RI RQH SDUW RI WKH DYDLODEOH GDWD EXW QRW DOO 7KH EHVW ILW
XVLQJDOOWKHGDWDVXJJHVWVDGHQVLW\FRQVWDQWRIDQGDIUDFWDO
GLPHQVLRQ RI  \LHOGLQJ D IUDFWXUH LQWHQVLW\ RI P
PHGLDQGHQVLW\FDVHLQILJVDQG$IXUWKHUGDWDVHWZLWKDQ





GDWD VKRZV VLJQLILFDQW YDULDWLRQV LQ IUDFWXUH GHQVLW\ GHSHQGLQJ
RQWKHVDPSOHGDWDXVHGHYHQWKRXJKWKHGDWDDUHIURPWKHVDPH
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$ IUDFWXUH QHWZRUN JHQHUDWRU )UDF)UDF ZDV GHYHORSHG WR
JHQHUDWH ')1 ZLWK D SRZHUODZ OHQJWK GLVWULEXWLRQ )RU HDFK
IRUPDWLRQRQO\WKUHHIUDFWXUHVHWVKDYHEHHQXVHGWRGHYHORSWKH
'PRGHOV 7DE EHFDXVH WKH IRXUWK VWHHSO\ GLSSLQJ IUDFWXUH
VHWV LQ HDFK IRUPDWLRQ SRVVHVV DOPRVW WKH VDPH VWULNH DV WKH
PRGHO SODQH $ 3RLVVRQ GLVWULEXWLRQ KDV EHHQ DVVXPHG IRU WKH
IUDFWXUHPLGSRLQWVDOWKRXJKDQDO\VLVVXJJHVWV WKHH[LVWHQFHRID
UHSXOVLRQ EHWZHHQ ORQJ IUDFWXUHV7KHGLVSHUVLRQRI WKH IUDFWXUH
RULHQWDWLRQLVGHVFULEHGZLWKWKH)LVKHUGLVWULEXWLRQDQGDFRQVWDQW
. UDQJLQJ IURP  WR  ZKLFK LQGLFDWHV D IDLUO\ KLJK GLV
SHUVLRQRI WKH IUDFWXUHRULHQWDWLRQV9LVXDOFRPSDULVRQVRI')1
JHQHUDWHGZLWKWKH)LVKHUGLVWULEXWLRQDQGWKHWUDFHPDSVFOHDUO\
LQGLFDWH WKDW D KLJK GLVSHUVLRQ RI RULHQWDWLRQ GRHV QRW SURGXFH
V\QWKHWLF QHWZRUNV WKDW DUH FRPSDUDEOH WR WKRVH REVHUYHG ,W LV
DSSDUHQW WKDW IUDFWXUHRULHQWDWLRQGLVSHUVLRQ LV OHQJWKGHSHQGHQW
ZLWK ORZGLVSHUVLRQRI ORQJHU IUDFWXUHVDQGKLJKHUGLVSHUVLRQRI
VKRUWHU IUDFWXUHV :X 	 3ROODUG  KDYH DOVR REVHUYHG D
GHFUHDVH LQ WKH GHYLDWLRQ RI WKH IUDFWXUH RULHQWDWLRQV ZLWKLQ D
IUDFWXUHVHWDVWKHIUDFWXUHOHQJWKLQFUHDVHV+\GUDXOLFPRGHOOLQJ
LJQRULQJPHFKDQLFDOVWUHVVHVXVLQJ')1ZLWKWKHPHGLDQIUDFWXUH











&RQVWDQW DSHUWXUH K\GUDXOLF + PRGHOOLQJ ZDV XQGHUWDNHQ
LQLWLDOO\WRGHWHUPLQHWKHPLQLPXPVL]HRIPRGHOUHJLRQUHTXLUHG
WR DSSUR[LPDWH D 5(9 UHSUHVHQWDWLYH HOHPHQWDU\ YROXPH
6HYHUDOPHWKRGVH[LVW WR HYDOXDWH WKH'SHUPHDELOLW\ WHQVRU LQ
IUDFWXUHGURFNHJ=KDQJDQG6DQGHUVRQ,QWKLVVWXG\WKH
HYDOXDWLRQ LV EDVHG RQ WKH DSSURDFK RI -DFNVRQ HW DO 
ZKLFKXVHVVHYHUDOK\GUDXOLFERXQGDU\FRQGLWLRQVFRUUHVSRQGLQJ
ZLWK D XQLIRUP KHDG JUDGLHQW LQ GLIIHUHQW RULHQWDWLRQV$ JXDUG
]RQH LV PDLQWDLQHG DURXQG WKH PRGHO UHJLRQ WR UHGXFH HGJH
HIIHFWV )RU WKH K\GUDXOLF DQDO\VLV D FRQVWDQW K\GUDXOLF DSHUWXUH
ZDVDGRSWHG DK PP2QHKXQGUHGVLPXODWLRQV IRUHDFK
PRGHO UHJLRQ ZHUH SHUIRUPHG DQG WKH SHUPHDELOLW\ WHQVRU
FRHIILFLHQWV ZHUH HYDOXDWHG XVLQJ D PD[LPXP OLNHOLKRRG





WKH SHUPHDELOLW\ WHQVRU FRHIILFLHQWV DQG WKH SULQFLSDO GLUHFWLRQV
ZLWKLQFUHDVLQJGRPDLQVL]HDUHDOO OHVV WKDQRIWKHLUFXPX
ODWLYH DYHUDJHV WKHQ WKH PRGHO UHJLRQ LV DVVXPHG WR EH ODUJHU
WKDQWKHVL]HRIWKH5(97KHUHVXOWVVKRZHGWKDWIRUWKHPHGLDQ
DQGKLJKGHQVLW\FDVHVDPRGHOUHJLRQRIPuPLVDGHTXDWH
IRUPRGHOOLQJ+RZHYHU IRU WKH ORZGHQVLW\ QR5(9ZDV LGHQ
WLILHG7KLVLVDSSDUHQWO\GXHWRWKHGHFUHDVHRIFRQQHFWLYLW\LQWKH
PLQRUIORZGLUHFWLRQIRUWKLVPRGHOZKLFKLVGHPRQVWUDWHGE\WKH






7KH +0PRGHOOLQJ KDV EHHQ SHUIRUPHG ZLWK WKH 8'(&%%
PRGHO ZLWK DSHUWXUH GLVWULEXWLRQV RXWSXW WR )5$&' IRU WKH
K\GUDXOLF FDOFXODWLRQV 2QO\ PHGLDQGHQVLW\ ')1 KDYH EHHQ
DQDO\VHG WR GDWH 7KH+0PRGHOOLQJ KDV EHHQ FDUULHG RXW LQ D
VLPLODUPDQQHUWRWKH+PRGHOOLQJZLWKWKHLQFOXVLRQRIDJXDUG
]RQH WR PLQLPLVH HGJH HIIHFWV 6HQVLWLYLW\ VWXGLHV KDYH EHHQ
FDUULHG RXW WR H[DPLQH WKH LPSDFW RI WKH PHFKDQLFDO ERXQGDU\
FRQGLWLRQ PHFKDQLFDO SURSHUWLHV LQLWLDO PHFKDQLFDO DSHUWXUHV
DSHUWXUH FKDQJHV ZLWK LQFUHDVLQJ GHSWK +0FRXSOLQJ DQG
YDULRXV')1ZLWKFKDQJLQJIUDFWXUHOHQJWKVDQGEORFNVL]HV7KH





+0 PRGHOOLQJ UHVXOWV DUH REVHUYHG WKDW OHDG WR GLIIHUHQW ODUJH
VFDOHIORZFRQGLWLRQV6HFRQGWKHVHQVLWLYLW\VWXGLHVUHYHDOHGWKDW
WKH XQGHUO\LQJ YDULDWLRQ LQ WKH PHFKDQLFDO SURSHUWLHV KDYH D
VLJQLILFDQW LPSDFW RQ WKH +0PRGHOOLQJ 8QGHUVWDQGLQJ WKH
VSDWLDO YDULDWLRQ RI WKH PHFKDQLFDO SURSHUWLHV RI WKH URFNPDVV






%RQQHW ( %RXU 2 2GOLQJ 1( 'DY\ 3 0DLQ , &RZLH 3





'HUVKRZLW]: 5RFN -RLQW 6\VWHPV 3K'7KHVLV0DVVD
FKXVHWWV,QVWLWXWHRI7HFKQRORJ\&DPEULGJH0DVVDFKXVHWWV
-DFNVRQ&3+RFK$5 7RGPDQ 6  6HOIFRQVLVWHQF\ RI D
KHWHURJHQHRXV FRQWLQXXP SRURXV PHGLXP UHSUHVHQWDWLRQ RI
IUDFWXUHGPHGLD:DWHU5HVRXUFHV5HVHDUFK
1LUH[ D 'DWD VXPPDU\ VKHHWV LQ VXSSRUW RI JURVV JHR
WHFKQLFDOSUHGLFWLRQV1LUH[5HSRUW6$+DUZHOO






















$ E V W U D F W   7KHSDSHUGLVFXVVHVDG\QDPLFDOWKUHHGLPHQVLRQDOQXPHULFDOPRGHOIRUJURXQGZDWHUIORZWKURXJKDSRURXVPHGLXP
WKDWPD\GHIRUPQRQOLQHDUO\DQGLWVDSSOLFDWLRQWRHODVWLFDQGLQHODVWLFGHIRUPDWLRQVLQSRURXVDQGIUDFWXUHGDTXLIHUV7KHPRGHOLV











$ SUHYLRXV LQYHVWLJDWLRQ RI WKH.DURR DTXLIHUV RI 6RXWK$IULFD
%RWKD HW DO  KDYH VKRZQ WKDW ERUHKROHV GULOOHG LQWR WKH
DTXLIHUVRQO\KDYHVLJQLILFDQW\LHOGVLIWKH\LQWHUVHFWDKRUL]RQWDO
EHGGLQJSDUDOOHO IUDFWXUH +RZHYHU WKH SXPSLQJ RI VXFK D
ERUHKROH FRXOG FDXVH D VLJQLILFDQW GHIRUPDWLRQ RI WKH ERUHKROH
DQGDTXLIHUDVLOOXVWUDWHGLQILJ7KLVREVHUYDWLRQVXJJHVWHGWKDW
DTXLIHU GHIRUPDWLRQV PLJKW SOD\ D YHU\ VLJQLILFDQW SDUW LQ WKH
EHKDYLRXU RI .DURR DTXLIHUV DQG ERUHKROHV GULOOHG LQWR WKH
DTXLIHUV 6LQFH WKH DXWKRUV ZHUH QRW DZDUH RI HTXLSPHQW WKDW
FRXOG EH XVHG LQ D ILHOG VWXG\ RI WKH LQIOXHQFH WKDW DTXLIHU








7KH ILUVWDQGPRVWXQH[SHFWHGUHVXOWREWDLQHGZLWK WKHPRGHO LV
WKHGHSHQGHQFHRIWKHGUDZGRZQVRQWKHSRVLWLRQLQWKHDTXLIHU
,Q WKH IUDFWXUH LWV LPPHGLDWH QHLJKERXUKRRG DQG WKH UHJLRQ
EHORZLWWKHGUDZGRZQVLQFUHDVHVWHDGLO\ZLWKWLPHDVH[SHFWHG
+RZHYHU WKHUH LV D UHJLRQ FHQWUHG DW DSSUR[LPDWHO\ PP
DERYHWKHIUDFWXUHZKHUHWKHVLPXODWHGGUDZGRZQVGHFUHDVHZLWK
WLPH DIWHU WKH SXPS ZDV VZLWFKHG RQ EHIRUH WKH GUDZGRZQ
EHJDQWRLQFUHDVHZLWKWLPHVHHILJ7KLVEHKDYLRXUPD\VHUYH
DV D QXPHULFDO LOOXVWUDWLRQ RI WKH VRPHZKDW SDUDGR[DO
SKHQRPHQRQ RIWHQ REVHUYHG GXULQJ K\GUDXOLF WHVWV RI .DURR
ERUHKROHV WKDW WKHZDWHU OHYHO LQDQREVHUYDWLRQERUHKROHEHJLQV
WR ULVH WKH PRPHQW WKH SXPS LV VZLWFKHG RQ LQ WKH SURGXFWLRQ
ERUHKROH %RWKD HW DO  6LQFH LW LV LPSRVVLEOH WR H[SODLQ
WKLVSKHQRPHQRQLQWKHFRQYHQWLRQDOWKHRU\RIJURXQGZDWHUIORZ
LWV H[LVWHQFH PXVW EH DWWULEXWHG WR WKH GHIRUPDWLRQ RI WKH URFN
PDWUL[ LQ WKHGHIRUPDWLRQPRGHO FDXVHGE\ WKHSXPSLQJRI WKH
ERUHKROH

)LJXUH  &RQWRXU PDS RI VLPXODWHG GUDZGRZQV LQ WKH URFN
PDWUL[ RI WKH DTXLIHU XVHG LQ WKH PRGHO DIWHU SXPSLQJ D
ERUHKROHIRUV

7KH IDFW WKDW WKH SXPSLQJ RI D ERUHKROH FDQ JHQHUDWH




WKH OLQHDU IRUP RI WKH PRGHO DQG WKH RWKHU ZLWK WKH QRQOLQHDU
IRUP 9HU\ OLWWOH GLIIHUHQFH ZDV REVHUYHG EHWZHHQ WKH
GLVSODFHPHQWV FRPSXWHGZLWK WKH WZR IRUPVRI WKHPRGHO IRU D
GLVFKDUJH UDWH4 PKRYHUDSHULRGRIDSSUR[LPDWHO\
PLQXWHV +RZHYHU WKH VLWXDWLRQ FKDQJHG GUDVWLFDOO\ ZKHQ WKH
GLVFKDUJHUDWHZDVLQFUHDVHG7KHGUDZGRZQVDQGGLVSODFHPHQWV
LQ WKH OLQHDUPRGHO LQFUHDVHG VPRRWKO\ZLWK WKH GLVFKDUJH UDWH
EXW EHJDQ WR RVFLOODWH YLROHQWO\ LQ WKH QRQOLQHDU PRGHO ZLWK
PDJQLWXGHVWKDWLQFUHDVHGZLWKWLPHZKLFKFKDQJHGWKHIUDFWXUH





UHVLGXDO GHIRUPDWLRQV VXFK GHIRUPDWLRQV FRXOG KDYH GLVDVWURXV
FRQVHTXHQFHVIRUDQDTXLIHULIQRWWDNHQFDUHRI
7KH IRUPDWLRQ RI UHVLGXDO GHIRUPDWLRQV LV SDUWLFXODUO\
LPSRUWDQWIRU.DURRDTXLIHUVVLQFHWKH\PD\XOWLPDWHO\FRQVWULFW




WKHUHIRUH KDYH LPSRUWDQW LPSOLFDWLRQV IRU WKH PDQDJHPHQW DQG




)LJXUH  9DULDWLRQV RI WKH VLPXODWHG FRQVWULFWLRQV LQ WKH









KRUL]RQWDO IUDFWXUH VXJJHVW WKDWERUHKROHV LQ WKHVHDTXLIHUVPD\
KDYH D OLPLWHG H[SHFWHGPHFKDQLFDO OLIH GHILQHG DV WKH WLPH LW
ZLOO WDNH UHVLGXDO FRQVWULFWLRQV WR UHGXFH WKH DSHUWXUH RI WKH
IUDFWXUH WR ]HUR 7KLV FRQFOXVLRQ LV IXOO\ VXSSRUWHG E\ WKH
VLPXODWLRQV7KHVHVLPXODWLRQVLQGLFDWHGWKDWWKHERUHKROHLQWKH




PD\ WKHUHIRUH EH DV LPSRUWDQW DV LWV K\GUDXOLF SURSHUWLHV LQ
GHVLJQLQJ D GLVFKDUJH UDWH IRU D SURGXFWLRQ ERUHKROH ,W LV
WKHUHIRUH LPSRUWDQW WKDW PRUH DWWHQWLRQ VKRXOG EH SDLG WR WKH
PHFKDQLFDO SURSHUWLHV RI WKH DTXLIHU LQ WKH PDQDJHPHQW DQG
FRQWURO RI ZHOO ILHOGV HVSHFLDOO\ WKRVH EDVHG RQ IUDFWXUHG
DTXLIHUV
$ PDMRU FKDUDFWHULVWLF RI WKH VLPXODWHG GLVSODFHPHQWV DQG
DVVRFLDWHGVWUDLQVLVWKDWWKHLUPDJQLWXGHVGHFUHDVHH[SRQHQWLDOO\
ZLWK GLVWDQFH IURP WKH ERUHKROH VLPLODU WR WKH FRQVWULFWLRQV LQ
ILJ7KLVEHKDYLRXULPSOLHVWKDWWKHGLODWDWLRQDOVWUDLQZKLFKLV
WKHUHDOSK\VLFDOPHFKDQLVPFRQWUROOLQJWKHUHOHDVHRIZDWHUIURP
DQ DTXLIHU %RWKD DQG &ORRW  PXVW DOVR GHFUHDVH ZLWK
GLVWDQFHIURPWKHERUHKROH2QHZRXOG WKHUHIRUHH[SHFW WKDW WKH
WZR SDUDPHWHUV²VSHFLILF VWRUDWLYLW\ DQG VWRUDWLYLW\ FRPPRQO\
XVHGLQWKHFRQYHQWLRQDOWKHRU\RIJURXQGZDWHUIORZDVDPHDVXUH
RI WKH UHOHDVH RI ZDWHU IURP DQ DTXLIHU VKRXOG EH LQYHUVHO\
UHODWHG WR WKH GLVWDQFH IURP WKH ERUHKROH 7KH GHFUHDVH LQ WKH
YDOXHVRI6ZLWKGLVWDQFHIURPWKHSXPSHGERUHKROHREVHUYHGE\




GHIRUPDWLRQV DQG K\GUDXOLF FRQGXFWLYLW\ . RI DQ DTXLIHU
+RZHYHU LW LV ZRUWK QRWLFLQJ WKDW . ZKLFK GHVFULEHV WKH HDVH
ZLWKZKLFKZDWHUIORZVWKURXJKWKHURFNPDWUL[LVUHODWHGWRWKH
SHUPHDELOLW\ WHQVRU N RI WKH URFN PDWUL[ %HDU  %RWKD
 7KH SHUPHDELOLW\ FRXOG WKHUHIRUH EH LQWHUSUHWHG DV D
SDUDPHWHU WKDW GHVFULEHV WKH H[WHQW WRZKLFK WKH URXJKQHVV DQG
WRUWXRVLW\RI WKH URFNPDWUL[REVWUXFWV WKH IORZRIJURXQGZDWHU
6LQFH GHIRUPDWLRQV ZLOO REYLRXVO\ KDYH DQ LQIOXHQFH RQ WKH
URXJKQHVV DQG WRUWXRVLW\ RI WKH URFNPDWUL[ WKH GHSHQGHQFH RI
WKH WUDQVPLVVLYLW\RQGLVWDQFH REVHUYHGE\ %RWKD HW DO 
PD\ EH DQ LQGLFDWLRQ WKDW N WKXV . DOVR GHSHQGV RQ WKH
GHIRUPDWLRQV7KLVGHSHQGHQFHRIWKHVSHFLILFVWRUDWLYLW\DQGNRQ
WKHGHIRUPDWLRQRIDQDTXLIHUFRXOGH[SODLQZK\WKHVWRUDWLYLWLHV




K\GUDXOLF SDUDPHWHUV GHULYHG IURP K\GUDXOLF WHVWV DIIHFWHG E\
YDULDWLRQV LQ WKHGLVFKDUJH UDWHVRIERUHKROHVXVHG LQ WKHVH WHVWV





DQG WKH SXPSHG ERUHKROH DV GHWHUPLQHG IURP WZR FRQVWDQW





%HDU -  '\QDPLFV RI )OXLGV LQ 3RURXV0HGLD $PHULFDQ





%RWKD -) &ORRW $+-  .DURR $TXLIHUV 'HIRUPDWLRQV




%RWKD -) 9HUZH\ -3 9DQ GHU 9RRUW , 9LYLHU --3 %X\V -

























RI QDUURZ DUHDV ³IUDFWXUHV´ ZLWK GLIIXVLYLW\ '  DQG D PDWUL[
ZLWK WKH GLIIXVLYLW\ G  '  EHLQJ PXFK JUHDWHU WKDQ G  KDV
EHHQ DQDO\]HG &RQVLGHUHG DUH WKH V\VWHPV RI WZR DQG RI DQ
LQILQLWH QXPEHU RI SDUDOOHO IODW DQG F\OLQGULFDO LQFOXVLRQV
KHQFHIRUWK ZH FDOO WKHP ³IUDFWXUHV´ IRU EUHYLW\ DQG DQ
³LQWHUFRQQHFWLRQ´ RI WZR VHPLLQILQLWH IODW SDUDOOHO IUDFWXUHV
FRPLQJ FORVH WR HDFK RWKHU ³JDSS\ IUDFWXUH´ )RU VLQJOH
IUDFWXUHVDVLWKDGEHHQIRXQGLQ'\NKQHHWDOLQWKHWLPH
UDQJH RI  W W W   ZKHUH

  W D G  D  LV D
FKDUDFWHULVWLF GLPHQVLRQ RI IUDFWXUH FURVVVHFWLRQ
  W ' G W IRUIODWIUDFWXUHVDQG    ^ `  OQ W ' G ' G W 
IRU F\OLQGHU RQHV WKH FRQWDPLQDQW WUDQVSRUW LV RI VXEGLIIXVLRQ
EHKDYLRUZLWK GLVSHUVLRQ a ' WW  IRU IODW DQG a   OQ 'W W W 
IRUF\OLQGULFDO IUDFWXUH LQ WKH WLPHUDQJHV W W DQG W W!! 
FODVVLFDOGLIIXVLRQWDNHVSODFHZLWKHIIHFWLYHGLIIXVLYLWLHV ' DQG
G UHVSHFWLYHO\
)RU DOO IUDFWXUH V\VWHPV DQDO\]HG KHUH WKHUH KDV DOZD\V
EHHQ IRXQG WR H[LVW D WLPH LQWHUYDO LWV GXUDWLRQ EHLQJ LQ WKH
PDMRULW\ RI FDVHV PRQRWRQLF ZLWK ' G  ZLWKLQ ZKLFK WKH
V\VWHPLVLQDVXEGLIIXVLRQPRGH6'0
)LJXUH  6FKHPH RI GLVSHUVLRQWLPH GHSHQGHQFH IRU DQ
LQILQLWHVHTXHQFHRUDSDLURIIODWIUDFWXUHVDW  E D ' G!! 
DQGIRUDVHWRIF\OLQGULFDOSDUDOOHODQGXQLIRUPO\GLVWULEXWHGLQ
VSDFHIUDFWXUHVRUDSDLUWKHPDW E D ' G!! 7KHVFKHPH
LVDOVR UHOHYDQW WRGLVSHUVLRQ LQDFKDLQOLNHF\OLQGHU IUDFWXUH
V\VWHPZKHQ E D ' G!! 
1DPHO\JDSS\IUDFWXUHZLWKDJDSRI E ZLGWKDVZHOODVDOO
RWKHUPHQWLRQHGDERYHIUDFWXUHVHWVZLWK E GLVWDQFHGIUDFWXUHV
HQWHU LQWR VXEGLIIXVLRQ UHJLPH DW aW W  ILJV DW VPDOOHU
WLPHVWKHGLVSHUVLRQLVSURSRUWLRQDOWR 'W 7KHIXUWKHUEHKDYLRU
GHSHQGV RQ WKH UHODWLRQ EHWZHHQ W  DQG WKH GLIIXVLRQ WLPH
WKURXJK VSDFH EHWZHHQ IUDFWXUHV   EW E G{   LI  EW W  WKH
V\VWHPOHDYHVWKH6'0EHIRUHIUDFWXUHVFDQDFWFROOHFWLYHO\DQG
DIWHU W  WKH GLIIXVLRQ REH\V FRQYHQWLRQDO OLQHDU ODZV ZLWK
DYHUDJHG RYHU WKH VSDFH GLIIXVLYLWLHV ILJ ,I RWKHUZLVH
 EW W W   WKHQ DIWHU EW  FRRSHUDWLRQ RFFXUV DQG WKH FHDVH
WLPH FW  RI 6'0 LV GHWHUPLQHG E\ WKH ORJLF RI WKLV FROOHFWLYH
EHKDYLRXU 3DUWLFXODUO\ FW W  ILJ IRU WZR SDUDOOHO IODW
IUDFWXUHV IRU D JDSS\ IUDFWXUH DQG IRU D FKDLQOLNH SDUDOOHO
F\OLQGHUIUDFWXUHV\VWHPLQWKHODWWHUFDVHDW EW WKHVXEGLIIXVLRQ




D 'W D E ' G
G G
  IRU WZR SDUDOOHO F\OLQGULFDO
IUDFWXUHV )RU WKH FRQVLGHUHG LQILQLWH VHWV RI SDUDOOHO IUDFWXUHV
XQLIRUPO\GLVWULEXWHGLQVSDFH F EW W ILJ
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+HUH N  DQG V  DUH )RXULHU DQG /DSODFH YDULDEOHV )RU WKH
VWDLUFDVH RI IODW IUDFWXUHV WKH FRUUHVSRQGLQJ H[SUHVVLRQV DUH
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WUDQVSRUW LQ IUDFWXUHG URFNV ZH PD\ GHDO ZLWK WKH HIIHFW RI
VXSSUHVVLRQ RI WKH GLVSHUVLRQ LQ IUDFWXUHV )UDFWXUH
³LQWHUFRQQHFWLRQV´ DUH IRXQG WR EH LQHVVHQWLDO IRU FRPSOH[
V\VWHPV GLIIXVLRQ WLPHSDWWHUQV 7KH UHVXOWV REWDLQHG PD\ EH





'\NKQH$0'UDQLNRY ,/.RQGUDWHQNR 36 3RSRY$9 
$QRPDORXV GLIIXVLRQ LQ UHJXODUO\ QRQXQLIRUP PHGLD ,Q
)LQGLNDNLV$HG%ULGJLQJ WKHJDSEHWZHHQPHDVXUHPHQWDQG











)LJXUH  6FKHPH RI GLVSHUVLRQWLPH GHSHQGHQFH IRU WZR
SDUDOOHO IODW IUDFWXUHV LQ FDVH  E D ' G  DQG IRU WZR
SDUDOOHOF\OLQGULFDO IUDFWXUHV LQFDVH E D ' G  KHUH W 
PXVW EH UHSODFHG E\     ^ `   OQ  D G ' G D E ' G 
7KH VFKHPH LV DOVR UHOHYDQW WR D FKDLQOLNH F\OLQGHU IUDFWXUH
V\VWHPDW E D ' G ZLWK   W ' G W 


)LJXUH  6FKHPH RI GLVSHUVLRQWLPH GHSHQGHQFH IRU DQ
LQILQLWH VHTXHQFH RI IODW IUDFWXUHV DW  E D ' G  ZLWK
DV\PSWRWLF EHKDYLRXU  a D E 'W  DQG IRU D VHW RI
F\OLQGULFDOSDUDOOHOIUDFWXUHVXQLIRUPO\GLVWULEXWHGLQVSDFHDW














































7KH EDVLF LGHD RI WKH DSSURDFK LV QRW WR PHVK WKH IUDFWXUH
QHWZRUN EXW WR WDNH WKH SUHVHQFH RI IUDFWXUHV LQWR DFFRXQW E\
PHDQVRIFRQWLQXRXVKHWHURJHQHRXVILHOGVSHUPHDELOLW\SRURVLW\
KHDGYHORFLW\FRQFHQWUDWLRQ7KLV OLQH IROORZHGE\GLIIHUHQW
DXWKRUV UHIHU WR 6YHQVVRQ  DQG 7DQDND HW DO  LV
UHIHUUHGDV6PHDUHG)UDFWXUHDSSURDFKDQGSUHVHQWVWKHIROORZLQJ
DGYDQWDJH QR GHGLFDWHG VSDWLDO GLVFUHWL]DWLRQ HIIRUW LV UHTXLUHG
ZHXVHDEDVLFUHJXODUPHVKVLPXODWLRQVFDQEHGRQHRQDURXJK
PHVK VDYLQJ FRPSXWHU WLPH 7KLVPDNHV WKLV NLQG RI DSSURDFK
YHU\SURPLVLQJ IRU WDNLQJKHWHURJHQHLW\RISURSHUWLHVDVZHOODV
XQFHUWDLQWLHV LQWR DFFRXQW ZLWKLQ D0RQWH &DUOR IUDPHZRUN IRU
LQVWDQFH)XUWKHUPRUH WKHJHRPHWU\RI WKHPDWUL[EORFNVZKHUH
WUDQVIHUVSURFHHGE\GLIIXVLRQLVIXOO\WDNHQLQWRDFFRXQWFRQWUDU\
WR FODVVLFDO VLPSOLILHG'DSSURDFKHV IRU LQVWDQFH1HYHUWKHOHVV
FRQWLQXRXV KHWHURJHQHRXV ILHOG UHSUHVHQWDWLRQ RI D IUDFWXUH




,QLWLDOO\ ZH KDYH WR LGHQWLI\ PHVKHV FRUUHVSRQGLQJ WR D
IUDFWXUHWKHQXPEHURI;W\SHFHOOV ;1 DQG<W\SHFHOOV <1 
ILJ DQG DIWHU SURYLGH WKH DGDSWHG SDUDPHWHU YDOXHV
WUDQVPLVVLYLW\SRURVLW\GLVSHUVLYLW\WRWKHPHVK
x 7KH HTXLYDOHQFH RI WKH IOX[ WKURXJK WKH UHIHUHQFH IUDFWXUH
DQG WKH HTXLYDOHQW FRQGXFWRU LV HDV\ WRZULWH EDVHG RQ WKH
QXPHULFDOVFKHPHFRQVLGHUHG)RU0L[HGDQG+\EULG)LQLWH
(OHPHQW FRQVHUYDWLRQ RI WKH TXDQWLWLHV LV JXDUDQWHHG IRU
HDFK PHVK E\ WKH LQWURGXFWLRQ RI IRXU XQNQRZQV WUDFHV
DIIHFWHGWRWKHFHQWUHRIWKHHOHPHQWHGJHVLQDGGLWLRQWRWKH
FODVVLFDO XQNQRZQV FRUUHVSRQGLQJ WR WKH FHQWUH RI WKH
HOHPHQWV 7KHVH DOORZ IRU MRLQWHG HVWLPDWLRQ RI WKH IOX[HV
JUDGLHQWVDVZHOODVWKHYDOXHVRIWKHXQNQRZQVZLWKLQWKH
PHVK VHH'DEEHQH  6RZH FDQ GHWHUPLQH D UHODWLRQ











WKH IUDFWXUH VI   VPHDUHG IUDFWXUH DQG UHI   H[SOLFLW
PRGHOOLQJ

















)RU D IUDFWXUH QHWZRUN WKH VDPH SURFHGXUH LV DSSOLHG IRU




7KH 6PHDUHG )UDFWXUH DSSURDFK ZDV SUHYLRXVO\ WHVWHG RQ
GLIIHUHQW IUDFWXUH QHWZRUNV IRU SHUPDQHQW IORZ VLPXODWLRQV DQG






7KH VPHDUHG IUDFWXUH DSSURDFK IRU (XOHULDQ WUDQVSRUW LV KHUH
HYDOXDWHG IRU SUREOHPV LQYROYLQJ PDWUL[ GLIIXVLRQ IRU GLIIHUHQW
IORZ UHJLPHV7KH UHWHQWLRQ HIIHFW DVVRFLDWHGZLWKPDWUL[ ]RQHV
LQGHHGGHSHQGVXSRQWKHFRQWDFWWLPHZLWKWKHSOXPH)RUTXLFN
IORZ FRQGLWLRQV W\SLFDOO\ IRUFHG IORZ FRQGLWLRQV DGYHFWLRQ LQ
WKHIUDFWXUHQHWZRUNLVGRPLQDQWDQGUHWHQWLRQHIIHFWVDVVRFLDWHG
ZLWKPDWUL[ GLIIXVLRQ DUH OLPLWHG )RU VORZHU UHJLPHV W\SLFDOO\
SRVWFORVXUHFRQGLWLRQVIRUQXFOHDUZDVWHGLVSRVDOLVVXHVPDWUL[
GLIIXVLRQ SOD\V D PDMRU UROH UHVXOWLQJ LQ D JOREDOO\ GLIIXVLRQ
GRPLQDQW UHJLPH :H HYDOXDWH KHUH WKH VPHDUHG IUDFWXUH
DSSURDFK IRU GLIIHUHQW IORZ UHJLPHV DV ZHOO DV GLVFUHWL]DWLRQ







WKH V\VWHP 7KH LQIOXHQFH RI WKH IORZ UHJLPHV VKRZV XS
FODVVLFDOO\ LQ GHOD\V LQ DUULYDO WLPHV DVZHOO DV GHFUHDVH RI WKH
SHDNOHYHOILJ:HSORWRQILJVWRWKHWRWDOIOX[H[LWLQJWKH
V\VWHPIRUWKHWKUHHUHJLPHVFRQVLGHUHGDQGIRUGLIIHUHQWOHYHOVRI





)UDFWXUH DSSURDFK DUH SRWHQWLDOO\ XQGHUGLVFUHWL]HG IRU GRPLQDQW
DGYHFWLYHUHJLPHVLLSURYLGHVEHWWHUUHVXOWVZKHQUHILQLQJ WKH












TXDOLWDWLYH DV ZHOO DV TXDQWLWDWLYH UHVXOWV :KDWHYHU
GLVFUHWL]DWLRQ ZH REWDLQ JRRG SHDN DUULYDO WLPH DQG SHDN
PD[LPXPGLIIHUVE\OHVVWKDQ

7R FRQFOXGH SUHFLVLRQ LV PD[LPDO IRU GLIIXVLRQ GRPLQDQW
UHJLPHV ,W LV DFFHSWDEOH IRU WKH LQWHUPHGLDWH UHJLPH ZLWKLQ D
SUHFLVLRQ UDQJH RI  )RU WKH GRPLQDQW DGYHFWLYH UHJLPHZH






7KLV DSSURDFK SUHVHQWV JRRG UHVXOWV LQ WHUPV RI SUHFLVLRQ ORZ
FRPSXWHUFRDVWDQGVWDELOLW\RIQXPHULFDOVFKHPH7KHTXDOLW\RI
WKH UHVXOWVPRUH FORVHO\GHSHQGVRQ IUDFWXUH UHJLPHV DVZHOO DV
VSDFH GLVFUHWL]DWLRQ 7KH 6PHDUHG )UDFWXUHV DSSURDFK LV PRUH








6YHQVVRQ 8  $ FRQWLQXXP UHSUHVHQWDWLRQ RI IUDFWXUH
QHWZRUNV 3DUW , 0HWKRG DQG EDVLF WHVW FDVHV -RXUQDO RI
+\GURORJ\
7DQDND < 0LQ\DNDZD . ,JDUDVKL 7 6KLJHQR < 
















































































































$ E V W U D F W   7UDQVSRUW LQDQDWXUDO IUDFWXUH LV VWXGLHGXVLQJ3RVLWURQ(PLVVLRQ3URMHFWLRQ ,PDJLQJ7KLVQRQLQYDVLYH WHFKQLTXH
DOORZVPHDVXULQJ WKH DFWLYLW\ RI D UDGLRDFWLYH VROXWLRQ JLYLQJ WZRGLPHQVLRQDOPDSV RI WKH FRQFHQWUDWLRQ RI D FRQVHUYDWLYH WUDFHU
LQMHFWHG DW FRQVWDQW IORZ UDWH LQ WKHSODQHRI WKH IUDFWXUH7KH WHFKQLTXH LV DOVRXVHG WRREWDLQ WKH DSHUWXUHGLVWULEXWLRQ7UDQVSRUW

















OHQJWK RI WKH YHORFLW\ ILHOG LV VPDOO FRPSDUHG WR WKH V\VWHP
VL]HWKHQ7D\ORUGLVSHUVLRQGRPLQDWHVRWKHUZLVHFKDQQHOOLQJ
GRPLQDWHV ZLWK D VWURQJ FRQWURO RI WKH ODUJHU DSHUWXUH ]RQHV
-RKQVDQG5REHUWV
%HVLGHODERUDWRU\REVHUYDWLRQVRQQDWXUDOVDPSOHVEHFRPH
WUDFWDEOH WKDQNV WR WKH GHYHORSPHQW RI SRZHUIXO WRPRJUDSKLF










3(3, LV EDVHG RQ WKH UHFRUGLQJ RI V\QFKURQRXV RSSRVHG
FROOLQHDU JDPPD UD\V UHVXOWLQJ IURP WKH DQQLKLODWLRQ UHDFWLRQ
EHWZHHQ WKH SRVLWURQ HPLWWHG E\ WKH UDGLRLVRWRSHV DQG WKH
VXUURXQGLQJ HOHFWURQV *UHVVZHOO HW DO  7KH LVRWRSH
FRQFHQWUDWLRQLVGLUHFWO\SURSRUWLRQDOWRWKHQXPEHURIHPLWWHG
SKRWRQVRWKDWWKLVQRQLQYDVLYHWHFKQLTXHDOORZVPHDVXULQJWKH
VSDWLDO GLVWULEXWLRQ RI WKH UDGLRLVRWRSH HQULFKHG WUDFHU ZLWKLQ
WKHIUDFWXUH
7KH WUDFHU LV SUHSDUHG E\ LUUDGLDWLRQ RI PHWDOOLF FRSSHU
SURGXFLQJ D FRQWUROOHG HQULFKPHQW LQ WKH UDGLRDFWLYH LVRWRSHV
&X WKHQ GLVVROYHG LQ QLWULF DFLG DQG FRPSOH[HG E\
&RSSHUHWK\OHQHGLDPLQHWHWUDDFHWLFDFLG7KHVROXWLRQLVDGMXVWHG
DW D QHXWUDO S+ XVLQJ VRGLXP K\GUR[LGH LQ RUGHU WRPLQLPLVH
IOXLGURFN LQWHUDFWLRQV DQG GLOXWHG LQ SXUHZDWHU WR REWDLQ WKH
RSWLPDO UDGLRDFWLYLW\ OHYHO IRU WKH 3(3, FDPHUD 7KH VDPH
SURFHGXUH EXW ZLWK QRQLUUDGLDWHG FRSSHU LV IROORZHG WR
SUHSDUH WKHSDVVLYHIOXLGXVHG WRVDWXUDWH WKHVDPSOH7KHILUVW
VWDJHFRQVLVWVLQFDOFXODWLQJWKHIUDFWXUHDSHUWXUHD[\IURPWKH
VSDWLDOGLVWULEXWLRQRI WKH &XDFWLYLW\$D[\PHDVXUHGZKHQ
WKH IUDFWXUH LV FRPSOHWHO\ ILOOHG ZLWK WKH WUDFHU $IWHU D
FRPSOHWH IOXVKLQJ WKH WUDFLQJH[SHULPHQW FRQVLVWV LQ LQMHFWLQJ
WKHWUDFHUDWDFRQVWDQWIORZUDWHLQWKHSODQHRIWKHIUDFWXUH7KH
WUDFHU DFWLYLW\ GLVWULEXWLRQ LV LQWHJUDWHG RYHU  PLQXWHV ZKLFK
HQVXUH D PHDQ GLVSODFHPHQW VPDOOHU WKDQ  SL[HOV 8  
PPPLQXWH 7KH DSHUWXUHDYHUDJHG FRQFHQWUDWLRQ&[\W LV HTXDO
WRWKHUDWLRRI$W[\WWKHDFWLYLW\RIWKHWUDFHUWR$D[\)LJ$W












RI WKH DGYHFWLRQ DQG GLIIXVLRQ WUDQVSRUW FKDUDFWHUL]HG E\ WKH
DSHUWXUHVFDOH3HFOHWQXPEHU3H D8GPZKHUH8LVWKHDSHUWXUH
DYHUDJHG IOXLG YHORFLW\ DQGGP WKH GLIIXVLRQ FRHIILFLHQW+HUH WKH
DYHUDJH 3H![\ LV FORVH WR ZKLFK VXJJHVW WKDW WKH ORQJLWXGLQDO
HIIHFW RI GLIIXVLRQ LV RI OLWWOH LPSRUWDQFH FRPSDUHG WR DGYHFWLRQ
7KH YHORFLW\ IOXFWXDWLRQV )LJ DUH KHUH PRUH WKDQ  WLPHV WKH
DYHUDJHYHORFLW\)ROORZLQJFULWHULDSURSRVHGE\3ORXUDERXpHWDO
JHRPHWULFDOGLVSHUVLRQUHJLPHLVGRPLQDQW




RXU H[SHULPHQW WKH FRQFHQWUDWLRQ SURILOHV ILW EHWWHU WKH UHODWLRQ










LVRGHQVLW\ VWHDG\ VWDWH 16 VLPXODWLRQ DQG GHQVLW\ GHSHQGHQW






7UDQVSRUW LV VWXGLHG WKURXJK ' DQG ' QXPHULFDO VLPXODWLRQV
)LJ,QWKHILUVWFDVHIOXLGYHORFLW\LVDVVXPHGWREHJRYHUQHGE\
5H\QROGVHTXDWLRQ8 DP3ZLWK3WKHSUHVVXUHVXSSRVHG
FRQVWDQW RYHU WKH DSHUWXUH DQG P WKH G\QDPLF YLVFRVLW\ )RU
LQFRPSUHVVLEOH IOXLG WKH FRQWLQXLW\ HTXDWLRQ LV D 8   
7UDQVSRUW LV JRYHUQHG E\ WKH FODVVLFDO $'( Dw&wWD 8 & 
D'& ZKHUH' 3H7D\ORU¶VIRUPXOD
,VRGHQVLW\ ' VLPXODWLRQV DUH EDVHG RQ WKH UHVROXWLRQ RI
1DYLHU6WRNHV 16 HTXDWLRQ ZLWKRXW ERG\ IRUFHVS PXUX
XXZLWKX   DQGX  RQ WKH IUDFWXUHZDOOV7KH WUDQVSRUW
HTXDWLRQUHGXFHVKHUH WRwFwWXF GPF 7KH]DYHUDJHG
FRQFHQWUDWLRQ ILHOGV &[\W D³FG] FDQ EH GLUHFWO\ FRPSDUHG
ZLWKWKH3(3,GDWD
5HVXOWVIURP'DQGLVRGHQVLW\'VKRZYHU\VLPLODUSDWWHUQV
HPSKDVL]LQJ WKDW  WKH YHORFLW\ GLVWULEXWLRQV DFURVV WKH IUDFWXUH
VHFWLRQV VWD\ SDUDEROLF LQGHSHQGHQWO\ RI WKH WRSRJUDSKLF DQG
DSHUWXUH FKDQJHV X] # X  ]D ZKHUH X LV WKH
PD[LPXPYHORFLW\WKHFKDQJHVLQwSw[wSw\LQWURGXFHGE\
WKHDSHUWXUHFKDQJHDUHQHJOLJLEOHDQGWKHLQWURGXFWLRQRID
ORFDOVFDOH 7D\ORU GLVSHUVLRQ DSSUR[LPDWLRQ LV YDOLG LQ WKLV
FDVH
+RZHYHU WKH FRPSDULVRQ RI WKH GDWD ZLWK WKH IRUPHU
PRGHOV GLVSOD\V VWURQJ GLVFUHSDQFLHV WKDW ZH DWWULEXWH WR
JUDYLW\ HIIHFWV GXH WR ZHDN XQDQWLFLSDWHG GHQVLW\ GLIIHUHQFHV
EHWZHHQ WKH WUDFHU VROXWLRQ DQG WKH VDWXUDWLQJ VROXWLRQ :H
UHLWHUDWH WKH IRUPHUVLPXODWLRQXVLQJ WUDQVLHQW IRUPRI WKH16
HTXDWLRQ S PXU X XXUJwXwW ZKHUH J LV WKH
JUDYLW\YHFWRU DQG WKHFRQWLQXLW\ HTXDWLRQwUwW U X$
GHQVLW\ GLIIHUHQFH RI   LV DVVXPHG 7KLV H[DPSOH











'HWZLOHU5/5DMDUDP+*ODVV5- 6ROXWH WUDQVSRUW LQ




(PLVVLRQ 3URMHFWLRQ ,PDJLQJ VWXGLHV RI VROXWH PRYHPHQW
WKURXJKURFNV,QW$VVR+\GUR$QQ0HHW
-RKQV 5$ 5REHUWV 39  $ VROXWH WUDQVSRUW PRGHO IRU







)LJXUH  )LUVW FROXPQ 3(3, FRQFHQWUDWLRQ  [  SL[HOV RI  PP VHFRQG FROXPQ 5H\QROGV7D\ORU FRPSXWHG
















$ E V W U D F W   7KLVSDSHUSUHVHQWVDPXOWLFRQWLQXXPDSSURDFKWRVLPXODWHIORZDQGWUDQVSRUWLQIUDFWXUHGSRURXVPHGLD$VLPSOLILHG








7KH REMHFWLYH RI WKH SURSRVHG SDSHU LV WR SUHVHQW WKH RQJRLQJ
PRGHOLQJ XVLQJ WKH PXOWLFRQWLQXXP DSSURDFK DQG IXWXUH
GHYHORSPHQW RI LQYHVWLJDWLRQV FRQFHUQLQJ IORZ DQG WUDQVSRUW LQ
IUDFWXUHGSHUPHDEOHIRUPDWLRQV LQ WKHIUDPHZRUNRI WKH$TXLIHU
$QDORJXH 3URMHFW 7KH UHVHDUFK RI WKH $DFKHQ SURMHFW JURXS
3* GXULQJ WKH WKLUG SKDVH    RI WKLV SURMHFW LV
IRFXVHGRQ LQYHVWLJDWLRQV FRQFHUQLQJ WKHSRVVLELOLWLHV DQG OLPLWV






$OWKRXJK QXPHULFDO PRGHOV DUH DYDLODEOH WKHUH LV D JDS
EHWZHHQ WKH FDSDELOLW\ RI WKH PRGHOV RQ WKH RQH KDQG DQG WKH
OLPLWDWLRQV FRQFHUQLQJ JHRK\GUDXOLF DQG JHRSK\VLFDO
LQYHVWLJDWLRQ WHFKQLTXHV IRU IUDFWXUHG IRUPDWLRQV RQ WKH RWKHU
KDQG7RRYHUFRPHWKLVGLIILFXOW\ILHOGODERUDWRU\DQGDOWHUQDWLYH
QXPHULFDO H[SHULPHQWV DUH SHUIRUPHG ZLWKLQ WKH $TXLIHU
$QDORJXH3URMHFW IRUGLIIHUHQW OHQJWK VFDOHV%DVHGRQ WKLVKLJK
GHQVLW\ LQIRUPDWLRQ IURP WKH SK\VLFDO H[SHULPHQWV PXOWL
FRQWLQXXP PRGHOV DUH HYDOXDWHG ZLWK UHJDUG WR VDWXUDWHG IORZ





RQH VFDOH WR D ODUJHU RQH 7KH 3* KDV GHYHORSHG D PXOWL
FRQWLQXXP PRGHO 675$)( ZKLFK DOORZV IRU PRGHOLQJ
VDWXUDWHGDQGXQVDWXUDWHGJURXQGZDWHU IORZDVZHOO DV WUDQVSRUW
SURFHVVHVLQDIUDFWXUHGDTXLIHU
$V WKH HTXLYDOHQW SDUDPHWHUV DUH GLIILFXOW WR EHGHWHUPLQHG
WKH LGHD LV WR FKDUDFWHUL]H WKH H[SHULPHQWDO UHVXOWV E\PHDQVRI
VWDWLVWLFDO HYDOXDWLRQV )RU WKLV D F\OLQGULFDO FRUH VHH ILJ LV
WDNHQIURPWKHILHOGDQGPLJUDWLRQH[SHULPHQWVDUHSHUIRUPHGLQ
WKH ODERUDWRU\ RQ D VPDOO VFDOH 7KH PHDVXUHG EUHDNWKURXJK
FXUYHVDUHFKDUDFWHUL]HGE\VWDWLVWLFDOYDOXHV$PXOWLFRQWLQXXP
PRGHOLVEXLOWXSE\FDOLEUDWLQJWKHK\GUDXOLFFRPSRQHQWVDQGWKH
H[FKDQJH WHUPV WR WKHVH VWDWLVWLFDO FKDUDFWHULVWLFV 7KH PXOWL
FRQWLQXXP PRGHO LV WKHQ XVHG WR GHVFULEH WKH HQWLW\ RI WKH


































FXUYHV DUH LQWHUSUHWHGE\D FOXVWHU DQDO\VLV VHH ILJ$PXOWL
FRQWLQXXPPRGHO LV FDOLEUDWHG WR WKHVHFOXVWHUV7KHSDUDPHWHUV
WKDW DUH GHWHUPLQHG DOORZ D JRRG GHVFULSWLRQ RI WKH V\VWHP
EHKDYLRXURQWKLVVFDOH
7KLV PRGHO LV WKHQ FRPSDUHG WR WKH GLVFUHWH UHVXOWV RI WKH
VLPXODWHG EUHDNWKURXJK FXUYHV RI WKHPRGHO DTXLIHU RQ D ODUJHU
VFDOHP)XUWKHUPRUHDPXOWLFRQWLQXXPPRGHOEDVHGRQWKH






























































$ E V W U D F W   )UDFWXUHV VSDFHGa WRaP LPSDUW FRQWLQXXPVFDOHV WR IUDFWXUHG DTXLIHUVZKLFKPD\ H[FHHG WKH VL]HRIPDQ\
SUDFWLFDO SUREOHPV 6XEFRQWLQXXP IORZ PRGHOV RIWHQ XVH VWDWLVWLFDO VLPXODWLRQV RI H[SOLFLW IUDFWXUH QHWZRUNV ZKLFK FDQ OHDG WR
VHULRXVSUREOHPVRI V\VWHP LGHQWLILFDWLRQDQGXQLTXHQHVV7RDGGUHVV WKLVSUREOHP WKHDLPRI WKH UHVHDUFK LV WRGHWHUPLQHZKHWKHU
WUDFHUEUHDNWKURXJKFXUYHVPD\EHXVHGWRFKDUDFWHULVHIUDFWXUHWRSRORJ\DWVXEFRQWLQXXPVFDOHVDQGWRDQVZHUWKHTXHVWLRQGRWKHUH
H[LVWWRSRORJLFDOFODVVHVRIIUDFWXUHQHWZRUNVWKDWSURGXFHEUHDNWKURXJKFXUYHVRIDQLGHQWLILDEOHDQGGLVWLQFWLYHW\SH"5HVXOWVVRIDU







2XU DSSURDFK LV RQH RI IRUZDUG PRGHOOLQJ VWDUWLQJ ZLWK D
SUHVFULEHG IUDFWXUH QHWZRUN LQ D KRPRJHQHRXV SHUPHDEOH
PHGLXP 7KH IORZ ILHOG DQG WUDFHU WUDQVSRUW DUH VLPXODWHG IRU
HDFKQHWZRUNLQWXUQXVLQJD'ILQLWHGLIIHUHQFHQXPHULFDOFRGH
2GOLQJDQG:HEPDQ2GOLQJDQG5RGHQ/LQHDUDQG














ZH DLP WR H[SORUH WKH FRPELQDWLRQV RI EXON SHUPHDELOLW\ DQG
EUHDNWKURXJKFXUYHVZKLFKHDFKFDQSURGXFH2XUKRSHLVWKDWE\
FRPELQLQJPHDVXUHGEUHDNWKURXJKFXUYHVIURPILHOGH[SHULPHQWV
ZLWK WKHVH VLPXODWLRQV ZH VKDOO EH DEOH WR FRQVWUDLQ WKH
LQWHUSUHWDWLRQ RI IUDFWXUH QHWZRUN WRSRORJ\ WKDW H[LVWV ZLWKLQ D
URFNPDVVRILQWHUHVW,QWKLVZD\LWLVKRSHGWKDWWKHSUREOHPRI
QRQXQLTXHQHVVLQIUDFWXUHURFNFKDUDFWHULVDWLRQPD\EHSDUWLDOO\
RYHUFRPH)LJJLYHV H[DPSOHVRI WKH W\SHRI IUDFWXUHSDWWHUQV




)LJI %RWK XQLIRUP DQG UDQGRP IUDFWXUH VSDFLQJ KDYH EHHQ
PRGHOOHG
)LJV D DQG G PLJKW UHSUHVHQW HLWKHU EHGGLQJ SODQHV RU
YHUWLFDOMRLQWVGHSHQGLQJRQZKHWKHUWKHSODQHRIWKH'PRGHO
LV FRQVLGHUHG DV EHLQJYHUWLFDO IUDFWXUHV DUHEHGGLQJSODQHV RU
KRUL]RQWDOIUDFWXUHVDUHMRLQWV)LJVEFDQGIKDYHJUHDWHVW
VLPLODULW\ WR VLQJOH VHWV RI YHUWLFDO MRLQWV VR WKDW WKH 'PRGHO
SODQH PD\ EH FRQVLGHUHG DV KRUL]RQWDO IRU WKHVH WZR SDWWHUQV
)LJHPLJKWUHSUHVHQWHLWKHUEHGGLQJSODQHVDQGYHUWLFDOMRLQWVRU
VHWV RI YHUWLFDO MRLQWV *URVV  %DL HW DO  7KH
IUDFWXUHVSDFLQJDQJOHWRK\GUDXOLFJUDGLHQWDSHUWXUHDQGGHJUHH
RIFRQQHFWLYLW\KDYHEHHQV\VWHPDWLFDOO\DOWHUHGIRUHDFKSDWWHUQ






5HVXOWV VR IDU LQGLFDWH WKDW ' IUDFWXUHG SRURXV PHGLD FDQ
SURGXFHD ODUJHYDULHW\RI WUDFHUEUHDNWKURXJKFXUYHV LQFOXGLQJ
WZR SDWWHUQV UDWKHU FRPPRQO\ VHHQ LQ ILHOG GDWD WKH EDFNZDUG
WDLOHG XQLPRGDO QRQ)LFNLDQ W\SH 3WDN DQG 7HXWVFK 
%DUQHV  %HFNHU DQG 6KDSLUR  0HLJV DQG %HDXKHLP




LQWHUHVW LQ DJUHHPHQW ZLWK UHFHQW VWXGLHV RI WUDQVSRUW WKURXJK
IUDFWXUHGSRURXVPHGLD)RUWKHVHWFDVH LW LV WKHFRPELQDWLRQ
RIWKHVSDFLQJDSHUWXUHDQGDQJOHWRWKHGLUHFWLRQRIWKHK\GUDXOLF




$SSUR[LPDWHO\ WZR WKRXVDQG SDWWHUQV KDYH EHHQ VLPXODWHG
7KH JUHDWPDMRULW\ RI EUHDNWKURXJK FXUYHV IDOO LQWR RQH RI ILYH






)LJXUH  ([DPSOHV RI ILYH GLVWLQFW FODVVHV RI EUHDNWKURXJK









FXUYHV WKDW DUH SURGXFHG E\ VLPSOH VHW FODVV RI IUDFWXUH
QHWZRUNV DQG ZH DUH LQ WKH SURFHVV RI H[DPLQLQJ WKH
EUHDNWKURXJK FXUYHV SURGXFHG E\PRUH FRPSOH[ VHW SDWWHUQV
7KH EUHDNWKURXJK FXUYHV DUH FODVVLILHG XVLQJ 3ULQFLSDO
&RPSRQHQW$QDO\VLV3&$7KHILUVWWZRSULQFLSDOFRPSRQHQWV
DFFRXQW IRU WKHPDMRULW\ RI WKH YDULDQFH LQ EUHDNWKURXJK FXUYH
VKDSHVXFKWKDWFXUYHVRIWKHVDPHW\SHOLHLQVLPLODUUHJLRQVRI
WKH FRPSRQHQW VSDFH (DFK FXUYH KDV DQ DVVRFLDWHG IUDFWXUH
VSDFLQJ DSHUWXUH DQJOH RI URWDWLRQ WR WKH K\GUDXOLF JUDGLHQW
SHUPHDELOLW\ DQG SDWWHUQ :H LQWHQG WR H[SORUH WKH SUHGLFWLYH
FDSDELOLW\ RI 3&$*LYHQ D EUHDNWKURXJK FXUYH SURGXFHG E\ D
SUHYLRXVO\ XQPRGHOOHG SDWWHUQ ZH KRSH WR VKRZ WKDW XVLQJ
3&$ LW LV SRVVLEOH WR SUHGLFW RU DW OHDVW UHGXFH WKH QXPEHU RI
SRVVLELOLWLHVRIWKHIUDFWXUHVSDFLQJDSHUWXUHDQJOHRIURWDWLRQWR
WKHK\GUDXOLFJUDGLHQWDQGSDWWHUQUHVSRQVLEOHIRUSURGXFLQJWKDW
FXUYH )LJ VKRZV KRZ ILYH KXQGUHG RI WKH PRGHOOHG
EUHDNWKURXJK FXUYHV RULHQWDWH WKHPVHOYHV LQ WKH SULQFLSDO
FRPSRQHQWVSDFH
7KHFXUYHVLQWKHXSSHUOHIWKDQGFRUQHUDUHW\SLFDORI7\SH




FRPSRQHQW GLPHQVLRQ LV LQFOXGHG WKH VHSDUDWLRQ RI WKH FXUYHV
EHFRPHVHYHQPRUHDSSDUHQW7KHPHWKRGUHTXLUHV WKDW WKHGDWD
VHW LV ODUJH HQRXJK LQ RUGHU WKDW WKH FRYDULDQFH PDWUL[ RI WKH
EUHDNWKURXJK FXUYH GDWD LV QRW DOWHUHG ZKHQ WKH SRVLWLRQV RI















)URP DURXQG WZR WKRXVDQG VLPXODWHG EUHDNWKURXJK FXUYHV D
FODVVLILFDWLRQ VFKHPH KDV EHHQ GHYLVHG DQG OLQNHG WR IUDFWXUH
SDWWHUQSURSHUWLHV7KHJUHDWPDMRULW\RIEUHDNWKURXJKFXUYHVIDOO
LQWR RQH RI ILYH GLVWLQFW FODVVHV LQFOXGLQJ WZR SDWWHUQV UDWKHU
FRPPRQO\VHHQLQILHOGGDWDWKHEDFNZDUGWDLOHGXQLPRGDOQRQ
)LFNLDQ W\SH DQG WKH )LFNLDQ W\SH )RU WKH VHW FDVH LW LV WKH
FRPELQDWLRQRIWKHVSDFLQJDSHUWXUHDQGDQJOHWRWKHGLUHFWLRQRI
WKHK\GUDXOLFJUDGLHQWZKLFKGLFWDWHVWKHW\SHRIFXUYHSURGXFHG
DQG QRW QHFHVVDULO\ WKH W\SH RI IUDFWXUH SDWWHUQ 5HVXOWV VR IDU
VKRZWKDWVHWSDWWHUQVSURGXFHDPRUHUHVWULFWHGUDQJHRIFXUYH
W\SHVWKHPDMRULW\IDOOLQJLQWRWKH7\SHDQG7\SHFDWHJRULHV
3&$PD\ SURYH WR EH D XVHIXO WRRO LQ WKH FODVVLILFDWLRQ RI
EUHDNWKURXJK FXUYHV 0RUH LPSRUWDQWO\ JLYHQ D EUHDNWKURXJK
FXUYHDQGDSHUPHDELOLW\3&$PD\EHDEOHWREHXVHGWRSUHGLFW






%DL 70DHUWHQ /*URVV0$\GLQ$ 2UWKRJRQDO FURVV
MRLQWVGRWKH\LPSO\DUHJLRQDOVWUHVVURWDWLRQ"-RI6WUXFW*HRO

%DUQHV6 .DUVWLFJURXQGZDWHU IORZFKDUDFWHULVWLFV LQ WKH
&UHWDFHRXV &KDON DTXLIHU 1RUWKHUQ ,UHODQG 4XDUW - RI (QJ
*HRO




IURP WKH 0RQWHUU\ )RUPDWLRQ 6DQWD %DUEDUD &RDVWOLQH
&DOLIRUQLD-RI6WUXFW*HRO
.RVDNRZVNL* %HUNRZLW] % 6FKHU+ $QDO\VLV RI ILHOG
REVHUYDWLRQV RI WUDFHU WUDQVSRUW LQ D IUDFWXUHG WLOO - RI &RQW
+\GURO
0HLJV /& %HDXKHLP 5/  7UDFHU WHVWV LQ D IUDFWXUHG





WKH SHUPHDELOLW\ RI QDWXUDO DQG VLPXODWHG IUDFWXUH SDWWHUQV
:DWHU5HV5HV
2GOLQJ 1( 5RGHQ -  &RQWDPLQDQW WUDQVSRUW LQ IUDFWXUHG
URFNV ZLWK VLJQLILFDQW PDWUL[ SHUPHDELOLW\ XVLQJ QDWXUDO
IUDFWXUHJHRPHWULHV-RI&RQW+\GURO
3WDN77HXWVFK* )RUFHGDQGQDWXUDOJUDGLHQW WHVWV LQD
KLJKO\ KHWHURJHQHRXV SRURXV DTXLIHU LQVWUXPHQWDWLRQ DQG
PHDVXUHPHQWV-RI+\GURO
7LPH






























$ E V W U D F W   ,Q WKH &KDON DTXLIHU RI 1( (QJODQG GLIIXVLRQ RI FRQWDPLQDQWV IURP IUDFWXUHV LQWR WKH ORZ SHUPHDELOLW\ EXW KLJK
SRURVLW\PDWUL[LVRIFRQFHUQ$SSOLFDWLRQRIWZRPRGHOOLQJDSSURDFKHVDUHSUHVHQWHG$GLVFUHWHIUDFWXUHIORZDQGWUDQVSRUWPRGHOLV
DSSOLHG WR D VHULHV RI HQ HFKHORQ IUDFWXUHV XQGHU QDWXUDO JURXQGZDWHU IORZ UDWHV DQG D GXDO SRURVLW\PRGHO LV DSSOLHG WR SUHVVXUH
FRQGLWLRQVGXULQJDWUDFHUWHVW7KHGLVFUHWHIUDFWXUHPRGHOVKRZVWKDWDWQDWXUDOIORZUDWHVWKHSUHVHQFHRIGLIIXVLRQFDQVLJQLILFDQWO\








,Q WKH &UHWDFHRXV &KDON DTXLIHU RI QRUWKHDVWHUQ (QJODQG WKH
EXON SHUPHDELOLW\ RI WKH DTXLIHU LV SURYLGHG E\ IUDFWXUHV DQG
IDXOWVZKLOHPDUOFOD\ULFKEDQGVSURYLGHSRWHQWLDOYHUWLFDOIORZ
EDUULHUV7KLVHQKDQFHVIORZLQWKHGLUHFWLRQRIEHGGLQJDOWKRXJK
UHFHQW WUDFHU H[SHULPHQWV +DUWPDQQ :HVW DQG 2GOLQJ WKLV
YROXPHVKRZWKDWVRPHFURVVEHGGLQJIORZGRHVRFFXUSUREDEO\
DORQJ YHUWLFDOO\ SHUVLVWHQW MRLQWV DQG IDXOWV ,W KDV ORQJ EHHQ
DSSUHFLDWHGWKDWWKHKLJKSRURVLW\FRXSOHGZLWKORZSHUPHDELOLW\
RI WKHFKDONURFNPDWUL[HQKDQFHVWKHLPSDFWRIVROXWHGLIIXVLRQ
LQWR WKH URFN PDWUL[ IURP IUDFWXUHV *ULVDN DQG 3LFNHQV 
%DUNHU DQG )RVWHU 0RVW H[LVWLQJ PRGHOV RI WKLV SURFHVV
FRQFHQWUDWHRQWUDQVSRUWDQGGLIIXVLRQRQWKHVFDOHRIRQHIUDFWXUH
DQG PDWUL[ EORFN DQG LJQRUH DGYHFWLRQ LQ WKH PDWUL[ ,Q WKLV
SUHVHQWDWLRQ D PRGHO RI DGYHFWLYH DQG GLIIXVLYH WUDQVSRUW LQ
ZKLFKPDQ\ IUDFWXUHV FDQ EH LQFOXGHG LV SUHVHQWHG7KLVPRGHO
DQG D GXDO SRURVLW\ PRGHO ZKLFK WDNHV PDWUL[ GLIIXVLRQ LQWR
DFFRXQW 0RHQFK  DUH XVHG WRJHWKHUZLWK UHVXOWV IURP WKH
UHFHQW WUDFHU WHVW LQ WKH&KDON DTXLIHU RI QRUWKHDVWHUQ (QJODQG








GLIIHUHQFH GLVFUHWH IUDFWXUH IORZ PRGHO ILJ ZLWK D SDUWLFOH
WUDFNLQJPHWKRGIRUPRGHOOLQJGLIIXVLYHDQGDGYHFWLYHWUDQVSRUW
,QWKH'ILQLWHGLIIHUHQFHIORZPRGHOERWKPDWUL[DQGIUDFWXUHV
DUH GLVFUHWL]HG DOORZLQJ WKH GHWDLOHG JHRPHWU\ RI WKH IUDFWXUH
QHWZRUN WR EH UHSUHVHQWHG &DUH LV WDNHQ WR PDLQWDLQ WKH
FRQQHFWLYLW\ RI WKH IUDFWXUH QHWZRUN RQ GLVFUHWL]DWLRQ 6ROXWH
WUDQVSRUW LVPRGHOOHG XVLQJ D SDUWLFOH WUDFNLQJ WHFKQLTXHZKHUH




7KH PRGHO ZDV FRPSDUHG WR WZR SUHYLRXV PRGHOV LQ WKH







$Q DGYHFWLRQGLVSHUVLRQPDWUL[ GLIIXVLRQ FRGH IRU UDGLDOO\
FRQYHUJHQWFRQGLWLRQVµSLSHDQGVSRQJH¶PRGHOVXSSOLHGE\WKH
86*6 0RHQFK  ZDV DSSOLHG WR WKH WUDFHU WHVW
EUHDNWKURXJK FXUYHV ,QSXW SDUDPHWHUV LQFOXGH WKH HIIHFWLYH
GLIIXVLRQ FRHIILFLHQW EORFN VL]H IUDFWXUH VSDFLQJ IUDFWXUH
SRURVLW\ DQG DTXLIHU WKLFNQHVV 7KLV PRGHOOLQJ FDQ SURYLGH DQ
LQGLFDWLRQRIWKHVSDFLQJRIK\GUDXOLFDOO\DFWLYHIUDFWXUHVDQGRI


























WKH QDWXUDO JUDGLHQW LQ WKH DUHD RI WKH WUDFHU WHVW $ IUDFWXUH
DSHUWXUH RI  PP LV DVVXPHG 7KH UHVXOWLQJ SDWWHUQ RI
FRQWDPLQDQWDIWHUGD\VILJVKRZVWKDWWKHUHLVVLJQLILFDQW
FRQWDPLQDQW LQ WKH PDWUL[ SDUWLFXODUO\ LQ WKH RYHUODS VHFWLRQV
EHWZHHQ IUDFWXUH VHJPHQWV %\ FRPSDULVRQ ZKHQ PDWUL[
GLIIXVLRQZDVQRW LQFOXGHGFRQWDPLQDQWKDGQRWSDVVHG WKHILUVW
IUDFWXUH VHJPHQW LQ WKH VDPH WLPH 7KH EUHDNWKRXJK FXUYHV IRU
PRGHOV ZLWK DQG ZLWKRXW GLIIXVLRQ DUH VKRZQ LQ ILJ :KHQ
GLIIXVLRQLVLQFOXGHGEUHDNWKURXJKRFFXUVLQDOLWWOHRYHUPRQWKV
EXWWDNHVRYHU\HDUVZKHQLWLVQRW7KXVZKLOHLQFRQQHFWHG
IUDFWXUH V\VWHPV PDWUL[ GLIIXVLRQ UHGXFHV VROXWH WUDQVSRUW IRU





$ VHULHV RI VLPXODWLRQV ZHUH FDUULHG RXW XVLQJ WKH DGYHFWLRQ
GLVSHUVLRQPDWUL[ GLIIXVLRQ FRGH SULRU WR FRQGXFWLQJ WKH WUDFHU




6HOHFWLRQ RI IORZLQJ WKLFNQHVVHV DQG IUDFWXUHSRURVLWLHVZDV
EDVHG RQ JHRSK\VLFDO ORJJLQJ IURP WKH WUDFHU VLWH DQG SUHYLRXV
WUDFHUWHVWVFRQGXFWHGRQ&KDON$WNLQVRQHWDO*DUQLHUHW





















)LJXUH  &RQWDPLQDQW GLVWULEXWLRQ DIWHU  GD\V IURP IORZ





















QHJOLJLEOH LQWHUFKDQJH RI VROXWH EHWZHHQ IUDFWXUHV DQG PDWUL[










   f




WKH &KDON VKRZV EHKDYLRXU FKDUDFWHULVWLF RI FRQQHFWHG IUDFWXUH
DGYHFWLRQGLVSHUVLRQ ZLWK PDWUL[ GLIIXVLRQ 7KH REVHUYHG VORZ
IDOOLQSRVWSHDNWUDFHUFRQFHQWUDWLRQZLWKWLPH)LJFVXJJHVWV
WKDWWKHVPDOOHVWK\GUDXOLFEORFNVL]HXVHGPFRPELQHGZLWK
WKH ORZHU IUDFWXUH SRURVLW\  SURYLGHV WKH EHVW PDWFK WR
REVHUYHG EHKDYLRXU IRU FXUYH VKDSH FRPSDUH UXQ  LQ )LJD
ZLWK$PLQR*DFLGFXUYH LQ)LJF7KLV LV WKHPRGHOZLWK WKH
ODUJHVW GLIIXVLRQHIIHFW+RZHYHUPRGHO UXQSURGXFHGDSHDN
EUHDNWKURXJKWLPHRIKRXUVFRPSDUHGZLWKWUDFHU WHVWYDOXHV
RI  DQG  KRXUV :KHQ DOORZDQFH LV PDGH IRU WKH ORZHU
SXPSLQJ UDWH RI WKH WHVW PGD\ WKDQ LQ WKH VLPXODWLRQV
















































7KH GLVFUHWH IUDFWXUHPRGHO VKRZV WKDW DW QDWXUDO IORZ UDWHV LQ
XQFRQQHFWHG IUDFWXUH V\VWHPV GLIIXVLRQ IURP IUDFWXUHV LQWR
PDWUL[ FDQ VLJQLILFDQWO\ HQKDQFH FRQWDPLQDQW WUDQVSRUW HYHQ
ZKHQ IUDFWXUH DSHUWXUHV DUH VPDOO  PP 7KH GXDO SRURVLW\
PRGHO VXJJHVWV WKDW WKHUH LV D VLJQLILFDQW HIIHFW IURP PDWUL[
GLIIXVLRQ DQG WKDW IUDFWXUH SRURVLW\ LV DURXQG   7KLV
FRUUHVSRQGV WR DSHUWXUHV RI WKH RUGHU RI  PP IRU IUDFWXUHV
VSDFHG DW P WR PP DW  FP IUDFWXUH VSDFLQJ 7KLV
VXJJHVWV WKDW YHU\ KLJKO\ IUDFWXUHG RU EUHFFLDWHG KRUL]RQV
GRPLQDWHWKHIORZ
$&.2:/('*(0(176




$WNLQVRQ 7& :DUG 56 2¶+DQQHOO\ (  $ UDGLDO IORZ








PHGLD  7KH HIIHFW RI PDWUL[ GLIIXVLRQ :DWHU 5HVRXUFHV
5HVHDUFK
%DUNHU -$ )RVWHU 66' $ GLIIXVLRQ H[FKDQJHPRGHO IRU
VROXWHPRYHPHQWLQILVVXUHGSRURXVURFN4)HQJ*HRO/RQGRQ

0RHQFK $)  &RQYHUJHQW UDGLDO GLVSHUVLRQ LQ D GRXEOH
SRURVLW\ DTXLIHU ZLWK IUDFWXUH VNLQ $QDO\WLFDO VROXWLRQ DQG






















































$ E V W U D F W   +\7HVWV LVVRIWZDUH WKDW LVXVHG WRDVVLVW LQ WKHHVWLPDWLRQRIIRUPDWLRQK\GUDXOLFSDUDPHWHUV&XUUHQWO\+\7HVWV LV
FDSDEOH RI GHVFULELQJ WKUHH K\GURJHRORJLF PRGHOV KRPRJHQHRXV IRUPDWLRQV ' )LQLWH'LIIHUHQFH UDGLDO IORZ KRUL]RQWDOO\







+\7HVWV LV D -$9$ DSSOLFDWLRQ XVHG IRU LQWHUSUHWDWLRQ RI
+\GUDXOLF 7HVWV +7 3XPSLQJ7HVWV 37 RU 6OXJ7HVWV 67
ILHOG GDWD ,W LV D WRRO IRU WKH K\GUDXOLF FKDUDFWHUL]DWLRQ RI D
IRUPDWLRQLQWHUPVRIK\GURJHRORJLFXQLWVK\GUDXOLFSDUDPHWHUV
DQG ERXQGDU\ FRQGLWLRQV +\7HVWV KDV DVVLVWHG WKH
K\GURJHRORJLFDO HYDOXDWLRQ RI D IUDFWXUHG EHGURFN IRUPDWLRQ ,W
FDQEHGRZQORDGHGDWZZZEEFXQKHGX
' )LQLWH±'LIIHUHQFH UDGLDOIORZ PRGHO VLPXODWHV WLPH
GUDZGRZQ+7FXUYHV LQKRPRJHQHRXV IRUPDWLRQV IRU DQ\ LQSXW
K\GURJHRORJLF SDUDPHWHU GDWD VHW 5XVKWRQ  6LPXODWHG
UHVXOWVDUHJUDSKLFDOO\GLVSOD\HGDQGVWDWLVWLFDOO\FRPSDUHGZLWK
ILHOG GDWD WKH\ FDQ EH LQWHUDFWLYHO\ XSGDWHG XQWLO VDWLVIDFWRU\
ILWQHVV LV DWWDLQHG $FWXDO 37 FRQGLWLRQV VXFK DV YDULDEOH
IORZUDWH DQGZHOOK\GUDXOLF ORVV DUH VXSSRUWHG7KHPRGHOZDV
VXFFHVVIXOO\WHVWHGZLWKSXEOLVKHGH[DPSOHVRIWKH7KHLV-DFRE
+DQWXVK DQG 3DSDGRSROXV PHWKRGV 37 DQG +YRUVOHY DQG
&RRSHUPHWKRGV67)LJ
' )LQLWH±(OHPHQW PRGHO DQDO\]HV +7 LQ KRUL]RQWDOO\±
KHWHURJHQHRXVIRUPDWLRQV,VWRN ,WVLJQLILFDQWO\LPSURYHV
WKH UHOLDELOLW\ RI K\GURJHRORJLF SDUDPHWHU HVWLPDWLRQ ZKHQ +7
FXUYHV DW GLIIHUHQW 0RQLWRULQJ :HOOV 0: IROORZ GLIIHUHQW
WUHQGV 7KDW LV WKH H[SHFWHG FDVH ZKHQ WHVWLQJ IRUPDWLRQV ZLWK
DSSUHFLDEOH VSDWLDO YDULDELOLW\ RU VXEMHFWHG WR ERXQGDU\ HIIHFWV
7KLV PRGHO ZDV DOVR XVHG RQ LQWHUSUHWDWLRQ RI /DUJH
'LVSODFHPHQW6OXJ7HVWV/'673XOLGR±6LOYDHWDOD
$ )UDFWXUH ±1HWZRUNPRGHO DQDO\]HV GLVFUHWH IUDFWXUHV DV
LQWHUFRQQHFWHG GLVNV LQ WKH ' VSDFH $GOHU HW DO  (DFK
GLVN LV UHSUHVHQWHG E\ XVLQJ ' )LQLWH± (OHPHQWV 7KLV PRGHO
DOORZVWKHDQDO\VLVRIGLVFUHWHLQWHUYDO+7LQZKLFKWDUJHWHGZHOO
]RQHVDUHLVRODWHGDWWKH6WUHVVHG:HOO6:SXPSHGZHOO37
VOXJDSSOLHGZHOO 67 DQG0: WKHQ K\GUDXOLF UHVSRQVHV DUH
UHFRUGHGDWGLVFUHWHLQWHUYDOVRI6:DQG0:
$ VHQVLWLYLW\ DQDO\VLV ZDV FRQGXFWHG IRU WKH WKUHH PRGHOV
1XPHULFDO VWDELOLW\ DQG FRPSDUDWLYH UHOHYDQFH RI HDFK
K\GURJHORJLFSDUDPHWHURQ WKHVLPXODWHGUHVSRQVHZHUHVWXGLHG
DV ZHOO DV VSDWLDO YDULDELOLW\ WKUHVKROGV RI WKH K\GURJHRORJLF
SDUDPHWHUV ZKHUH D KHWHURJHQHRXV IRUPDWLRQ FDQ EH DFFXUDWHO\
UHSUHVHQWHGE\DKRPRJHQHRXVPRGHO
+\7HVWV ZDV GHYHORSHG WR DVVLVW WKH K\GUDXOLF
FKDUDFWHUL]DWLRQ RI D IUDFWXUHGEHGURFN PHWDPRUSKLF IRUPDWLRQ
FRQWDPLQDWHG ZLWK FKORULQDWHG VROYHQWV 7KLV LQWHQVLYH +7
SURJUDPLQFOXGHGPRUHWKDQ37PRUHWKDQ67DQGPRUH
WKDQ  /'67 7KH WKUHH +\7HVWVPRGHOV ZHUH SURJUHVVLYHO\
DSSOLHGWRLPSURYHWKHK\GUDXOLFXQGHUVWDQGLQJRIWKHVWXG\VLWH





















+\7HVWVZLOO EH H[WHQGHG E\ DGGLQJ WZRPRUHPRGHOV DQG
OLQNLQJ WKH )UDFWXUH ± 1HWZRUN PRGHO ZLWK IUDFWXUH±DQDO\VLV
VRIWZDUH $ OD\HUHG+HWHURJHQHRXV PRGHO ZLOO DOORZ +7
LQWHUSUHWDWLRQ RQSRURXV±PHGLD VWUDWLILHG IRUPDWLRQV UHSUHVHQWHG
E\ ' )LQLWH± (OHPHQW SDUDOOHO GLVNV $ ' )LQLWH± (OHPHQW
PRGHO ZLOO WDNH LQWR DFFRXQW DQ\ VSDWLDO VSHFLILFDWLRQ RI WKH
K\GURJHRORJLF SDUDPHWHUV DQG WR DVVHVV WKHLU LQIOXHQFH RQ +7
LQWHUSUHWDWLRQ7KH)UDFWXUH±1HWZRUNPRGHOZLOO EH HQDEOHG WR












,VWRN -  *URXQGZDWHU PRGHOLQJ E\ WKH ILQLWH HOHPHQW
PHWKRG VW HGLWLRQ $PHULFDQ *HRSK\VLFDO 8QLRQ :DWHU
5HVRXUFHV0RQRJUDSK:DVKLQJWRQ'&SS
3XOLGR±6LOYD * %DOOHVWHUR 73 .LQQHU 1( E /DUJH
GLVSODFHPHQW VOXJ WHVWV ,Q ,$+ ,QWHUQDWLRQDO &RQIHUHQFH RQ
*URXQGZDWHU,Q)UDFWXUHG5RFNV±3URF
3XOLGR±6LOYD * %DOOHVWHUR 73 %DUUHUD0,0DUEHW +- .LQQHU
1( D 'HYHORSLQJ D FRQFHSWXDO K\GURJHRORJLFDO PRGHO



















37I LHOG 37+\7HVWV 37ILHOG 37+\7HVWV
)LJXUH'UDZGRZQ WLPHFXUYHV )LHOGGDWDDQG+\7HVWVPRGHOHG IRU WZRVLQJOHZHOO37FRQGXFWHGDWD ORZ\LHOGZHOO
%%& ZLWK XQVWDEOH IORZUDWH 37 LVRODWHG LQWHUYDO    ±  P +\7HVWV HVWLPDWHG SDUDPHWHUV K\GUDXOLF




















$ E V W U D F W   $PHWKRGRORJ\IRUVLPXODWLQJJURXQGZDWHUIORZDQGVROXWHWUDQVSRUWLQGLVFUHWHIUDFWXUHQHWZRUNV')1LVSUHVHQWHG
7KHPHWKRGRORJ\VWDUWVIURPD')1RI'ERGLHVGLVNVHPEHGGHGLQD'ILHOG7KHLQWHUFRQQHFWLRQVEHWZHHQWKHVHERGLHVGHILQH
D FRQGXFWLYH PDWUL[ UHSUHVHQWHG E\ ' HOHPHQWV 7KH SDUDPHWHUV DW HDFK HOHPHQW DUH REWDLQHG IURP D SUHGHILQHG VWDWLVWLFDO
GLVWULEXWLRQWKDWWDNHVLQWRDFFRXQWWKHIUDFWXUHIDPLO\WKDWHDFKGLVNLQLWLDOO\EHORQJHG7KLVDOORZVKDYLQJDPDQDJHDEOHQXPEHURI







7KH VWXG\ RI IUDFWXUH QHWZRUNV LQ ORZ SHUPHDELOLW\PHGLD HJ
JUDQLWHPDVVLIVLVRIRXWPRVWLPSRUWDQFHGXHWRWKHSRVVLELOLW\RI
ORFDWLQJUDGLRDFWLYHZDVWHGLVSRVDOVLWHV'HWHUPLQLVWLFFKDUDFWH
UL]DWLRQ RI IUDFWXUHV LQ D UHDO EDWKROLWK LV YLUWXDOO\ LPSRVVLEOH
7KHUHIRUH VHYHUDO DOWHUQDWLYHV DUH DYDLODEOH 7KH WZR H[WUHPH
FDVHV DUH HTXLYDOHQW SRURXVPHGLDPRGHOV DQG GLVFUHWH IUDFWXUH
QHWZRUNV$PRQJWKHDGYDQWDJHVRI')1LVWKHLUUHVHPEODQFHWR
UHDOLW\ DQG WKH SRVVLELOLW\ RI LQFOXGLQJ VRPH IHDWXUH RI UHDOLW\




NQRZOHGJH RI WKH IUDFWXUH ORFDWLRQ $ VHFRQG GUDZEDFN LV WKH
GLIILFXOW\ WR SURSHUO\ GHILQH D PHWKRGRORJ\ IRU SDUDPHWHU
HVWLPDWLRQ XVLQJ WKH LQYHUVH SUREOHP ZLWK GDWD FRPLQJ IURP
K\GUDXOLFRUWUDFHUWHVWV
7KH REMHFWLYH RI WKH SDSHU LV WR SUHVHQW D K\GURJHRORJLFDO
VLPXODWLRQPHWKRGRORJ\RIIUDFWXUHPHGLDEDVHGRQ')1PRGHOV
EXWDOORZLQJSDUDPHWHUHVWLPDWLRQ7KHJHQHUDO LGHD LV WRH[WHQW
WKHPHWKRGRORJ\RI&DFDVHWDORIILQGLQJWKHFRQGXFWLYH
PDWUL[IRUPHGE\'HOHPHQWVWRVXEVWLWXWHWKHDFWXDO')1EXW
GRLQJ LW VXFK WKDW WKH DVVRFLDWLRQ RI DQ\ JLYHQ HOHPHQW WR D
IUDFWXUH IDPLO\ LV PDLQWDLQHG 7KLV ZD\ RQO\ D VPDOO ILQLWH
QXPEHURISDUDPHWHUVDVVRFLDWHGWRIDPLOLHVDUHWREHHVWLPDWHG








SUREOHPV /RQJ HW DO   JHRPHWULFDO DV ')1 UHTXLUH
FKRRVLQJ D QXPEHU RI VWDWLVWLFDO GLVWULEXWLRQV LQ RUGHU WR GHILQH
IRU HDFK IUDFWXUH LWV ORFDWLRQ RULHQWDWLRQ OHQJWK RU JHRPHWU\
DSHUWXUHDQGWUDQVPLVVLYLW\DQGQXPHULFDOZKLOHVROYLQJWKH
3'(¶VJRYHUQLQJJURXQGZDWHUIORZDQGVROXWHWUDQVSRUW
7KH PHWKRGRORJ\ SUHVHQWHG KHUH LV D PRGLILFDWLRQ RI WKH
FKDQQHO PRGHO GHYHORSHG E\ &DFDV HW DO  7KH VWDUWLQJ
SRLQWLVDQHWZRUNRIIUDFWXUHVGLVNVHPEHGGHGLQD'GRPDLQ
JHQHUDWHG H[WHUQDOO\ 7KH GHILQLWLRQ RI WKH ')1 LQFOXGHV
JHRPHWU\ DQGK\GUDXOLFSDUDPHWHUV IRU HDFK LQGLYLGXDO IUDFWXUH
SOXVDQGLQGLFDWLRQWRWKHIDPLO\HDFKLQGLYLGXDOIUDFWXUHEHORQJV
WKLVODVWSRLQWEHLQJRIRXWPRVWLPSRUWDQFHLQRXUPHWKRGRORJ\
7KH FRQFHSW RI FKDQQHOLQJ LPSOLHV WKDW GHVSLWH WKH IUDFWXUH LV
PRGHOHGDVDGLVNDFWXDOIORZWDNHVSODFHRQO\LQDVPDOOSDUWRI
LW WKDW LV LQFKDQQHOVDVVRFLDWHG WR WKHPRVWFRQGXFWLYH IHDWXUHV
ZLWKLQDJLYHQIUDFWXUH7KHPRVWFULWLFDOSRLQW LV WKHZD\WKHVH











































7KH SDUDPHWHUV DVVRFLDWHG WR DQ\ JLYHQ ' HOHPHQW DUH
WUDQVPLVVLYLW\7DQGVWRUDWLYLW\6(DFKHOHPHQWLVDVVRFLDWHGD
SDUDPHWHU ZKLFK LV HTXDO WR WKH SURGXFW RI WZR WHUPV  D






SDUDPHWHUV RQH RU WZR SHU IDPLO\ DUH WR EH HVWLPDWHG $Q
H[DPSOH RI WKH IXOO SURFHGXUH RI JRLQJ IURP D')1 WR DPHVK
IRUPHG E\ ' HOHPHQWV ZKLOH NHHSLQJ WKH FRQFHSW RI IUDFWXUH
IDPLO\LVSUHVHQWHGLQ)LJERWWRP
5HJDUGLQJ ERXQGDU\ FRQGLWLRQV WKH\PXVW EH DSSOLHG WR DOO
HOHPHQWV WKDW LQWHUVHFW D JLYHQ H[WHUQDO YROXPH XVHG LQ WKH
GHILQLWLRQ RI WKH ')1 7KLV FDQ EH GRQH E\ XVLQJ D JLYHQ




FRQGXFWLYH PDWUL[ $ UHTXLVLWH IRU DQ HOHPHQW WR EH VLJQLILFDQW
K\GURJHRORJLFDOO\ LV WKDW D SDWK FRXOG EH IRXQG VR WKDW LW LV
FRQQHFWHG ZLWK WKH ERXQGDU\ 7KLV ZD\ WKH QRQFRQQHFWHG
FOXVWHUV RI HOHPHQWV VKRXOG EH UHPRYHG EHIRUH DQ\ FDOLEUDWLRQ
SURFHGXUHLVDWWHPSWHGLQRUGHUWRUHGXFH&38WLPH
&DOLEUDWLRQ LV GRQH XVLQJ 75$16,1 0HGLQD HW DO 
7KHFRGHUHTXLUHVREVHUYHGYDOXHVRIKHDGVDQGRUFRQFHQWUDWLRQV
DWVRPHSRLQWVREVHUYDWLRQSRLQWVDQGHVWLPDWHVWKHSDUDPHWHUV
WKDW EHVW ILW WKH REVHUYHG YDOXHV 2EVHUYDWLRQ SRLQWV VKRXOG





UHWDUGDWLRQ FRHIILFLHQW ILUVWRUGHU UDGLRDFWLYH GHFD\ DQG PDWUL[
GLIIXVLRQ 7KHVH YDOXHV DUH DOVR DVVRFLDWHG WR IDPLOLHV GHVSLWH
DQ\JLYHQHOHPHQWFRXOGKDYHDGLIIHUHQWFRHIILFLHQWGUDZQIURP












$ V\QWKHWLF H[DPSOH LV QRZ VKRZQ DLPHG DW LOOXVWUDWLQJ WKH
PHWKRGRORJ\ SUHVHQWHG 7KH H[DPSOH FRPSULVHV WKH LQWHUSUH
WDWLRQE\PHDQVRI')1RIDSXPSLQJDQGDWUDFHUWHVWFDUULHGRXW
LQWKHIUDPHZRUNRIWKH(O%HUURFDO3URMHFW5LYDVHWDO
7KH ')1 ZDV PRGHOHG DV GHILQHG E\  IUDFWXUH IDPLOLHV
(DFK IDPLO\ LV GHILQHG E\ WKH QXPEHU RI IUDFWXUHV DQG WKHLU
LQGLYLGXDO ORFDWLRQ RULHQWDWLRQ DQG IUDFWXUH DSHUWXUH HDFK
SDUDPHWHU GUDZQ IURP D SUHGHWHUPLQHG VWDWLVWLFDO GLVWULEXWLRQ
7KH EORFN VLPXODWHGZDV [[P$ SXPSLQJ WHVWZDV
VLPXODWHG DQG WKH LQWHUSUHWDWLRQ ZDV SHUIRUPHG XVLQJ WKH
PHWKRGRORJ\ SUHVHQWHG LQ WKLV SDSHU %RXQGDU\ FRQGLWLRQV




7KH UHVXOWV RI WKH FDOLEUDWLRQSURFHVV FDQEH VHHQ LQ)LJ7KH
PDWFKEHWZHHQFRPSXWHGDQGREVHUYHGGUDZGRZQV LVVLPLODU WR
WKH RQH WKDW ZDV REWDLQHG LQ 5LYDV HW DO  DSSO\LQJ D
FRQWLQXRXVHTXLYDOHQWDSSURDFKLQGLFDWLQJWKDWWKHPHWKRGRORJ\
SUHVHQWHGFRXOGFRPSHWHLQWHUPVRIGDWDPDWFKLQJ
7KHPHWKRGRORJ\ZDV WKHQH[WHQGHG WR WUDQVSRUW%RXQGDU\
FRQGLWLRQVIRUWUDQVSRUWZKHUHWKDWQRFRQFHQWUDWLRQZDVOHDYLQJ
WKH GRPDLQ $ GRXEOH SRURVLW\ PRGHOHG ZDV FRQVLGHUHG
3URFHVVHV PRGHOHG ZKHUH DGYHFWLRQ GLVSHUVLRQ DQG PDWUL[
GLIIXVLRQ 7KH WRWDO QXPEHU RI HVWLPDWHG SDUDPHWHUV ZDV IRXU
WZR SRURVLWLHV WZR GLVSHUVLYLWLHV FRUUHVSRQGLQJ WR WKH PRELOH
DQGLPPRELOH]RQHV7KHPDWFKEHWZHHQREVHUYHGDQGFRPSXWHG
FRQFHQWUDWLRQV DW WKH H[WUDFWLRQ SRLQW LV DFFHSWDEOH DQG DOVR
FRPSDUDEOH ZLWK WKH RQH REWDLQHG XVLQJ DQ HTXLYDOHQW SRURXV
PHGLDIRUFRQFHSWXDOL]DWLRQ)LJ
:H FRQFOXGH WKDW WKH PHWKRGRORJ\ SUHVHQWHG DOORZV






























)LJXUH  2EVHUYHG UHG GRWV YV FRPSXWHG EOXH OLQHV
FRQFHQWUDWLRQVLQSSEDWWKHVDPSOLQJSRLQWDIWHUFDOLEUDWLRQ













IUDFWXUH IORZ ZLWK D VWRFKDVWLF GLVFUHWH IUDFWXUH QHWZRUN
FDOLEUDWLRQDQGYDOLGDWLRQ7KHIORZPRGHO:DWHU5HVRXUFHV
5HVHDUFK
/RQJ -&6 5HZHU -6 :LOVRQ &5 :KLWKHUVSRRQ 3$ 
3RURXV PHGLD HTXLYDOHQWV IRU QHWZRUNV RI GLVFRQWLQRXV
IUDFWXUHV:DWHU5HVRXUFHV5HVHDUFK
0HGLQD $ *DODU]D * &DUUHUD -  75$16,1 ,, )RUWUDQ
FRGH IRU VROYLQJ WKH FRXSOHG IORZ DQG WUDQVSRUW LQYHUVH
SUREOHPLQVDWXUHGFRQGLWLRQV7RSLFDOUHSRUWYROXPH,9(O
%HUURFDO3URMHFW(&&RQWUDFW),:&7
5LYDV 3 +HUQiQ 3 %UXQR - &DUUHUD - *yPH] 3 *XLPHUj -
0DUtQ - 3pUH] GHO 9LOODU /  (O %HUURFDO 3URMHFW
&KDUDFWHUL]DWLRQ DQG YDOLGDWLRQ RI QDWXUDO UDGLRQXFOLGHPLJUD












































$ E V W U D F W   )UDFWXUH VNLQV DUH OD\HUV DORQJ IUDFWXUH VXUIDFHV WKDW FRQVLVW RI PLFURIUDFWXUHV DOWHUDWLRQ ]RQHV RU FRDWLQJV WKH\
FKDQJHWKHURFN¶VK\GUDXOLFDQGWUDQVSRUWSURSHUWLHV6NLQVWHQGWREHKLJKHULQSRURVLW\DQGVRUSWLYHFDSDFLW\WKDQWKHXQDOWHUHGURFN
:HHYDOXDWHVROXWHWUDQVSRUWZLWKPDWKHPDWLFDODQDO\VHVRIVWHDG\DQGWUDQVLHQWIORZVZLWKERWKSXOVHDQGVWHSVRXUFHIXQFWLRQVIRU
ERWK UHDFWLYH HJ&V DQGFRQVHUYDWLYH HJ&O WUDFHUV6HQVLWLYLW\ IDFWRUV IRU VNLQ WKLFNQHVVSRURVLW\GLIIXVLRQFRHIILFLHQW
VRUSWLYLW\ H[SUHVVHG DV UHWDUGDWLRQ FRHIILFLHQW DQG IUDFWXUH DSHUWXUH FRPSDUH WKH HIIHFWV DQG GHPRQVWUDWH WKDW VNLQ GLIIXVLRQ









ZLWK JURXQGZDWHU FRQWDPLQDWLRQ SUREOHPV DQG LQ SHUIRUPDQFH
DVVHVVPHQW RI UHVHUYRLUV DQG SRWHQWLDO ZDVWH GLVSRVDO VLWHV
)UDFWXUHV DUH XELTXLWRXV DQG VHUYH DV SUHIHUHQWLDO IORZ SDWKV WR
HQKDQFH FRQWDPLQDQW PLJUDWLRQ LQ ORZ SHUPHDELOLW\ FU\VWDOOLQH
URFNV )UDFWXUHG FU\VWDOOLQH URFNV PD\ EH JURXSHG LQWR SXUHO\
IUDFWXUHG RU IUDFWXUHG IRUPDWLRQV GHSHQGLQJ RQ K\GUDXOLF
FRQGXFWLYLW\ DQG VWRUDWLYLW\ RI IUDFWXUH UHODWLYH WR WKH PDWUL[
6WUHOWVRYD6KDUS)UDFWXUHVNLQVPD\EHSUHVHQW LQ
DQ\ RI WKHVH PHGLD DQG DOWHU WKHLU K\GUDXOLF DQG WUDQVSRUW
SURSHUWLHV)UDFWXUHVNLQVFDQEHGHILQHGDV³DWKLQOD\HURUFRDW
RQ DQG MXVW XQGHUQHDWK D IUDFWXUH VXUIDFH ZKLFK LV FDXVHG E\
SUHFLSLWDWHG DQG GHSRVLWLRQ RI VHFRQGDU\ PLQHUDOV DQG SRVVLEO\
ELRJHQLF PDWHULDOV´ )X HW DO  RU ³]RQHV RI DOWHUHG URFN
DEXWWLQJWKHIUDFWXUHDQGWKHFRDWLQJVRIWKHIUDFWXUHVXUIDFHVE\
LQILOWHUHG GHEULV DQG SUHFLSLWDWHG PLQHUDOV DQG RUJDQLF PDWWHU´
5RELQVRQ DQG6KDUS 7KH DOWHUDWLRQ FDQ EH SK\VLFDO DQG
FRQVLVW RI D GDPDJH ]RQHZLWKPLFURIUDFWXUHV$ZLGH UDQJH RI
FRDWLQJV DUH REVHUYHG LQFOXGLQJ FDUERQDWHV FDVH KDUGHQLQJ
DJHQWV GXVW ILOP PHWDO R[LGHV LURQ ILOPV OLWKRELRWLF PDWWHU
QLWUDWH FUXVWV R[DODWH FUXVWV SKRVSKDWH VNLQV SLJPHQWV URFN
YDUQLVKVDOWFUXVWVVLOLFDJOD]HDQGVXOIDWHFUXVWV'RUQ)X
HW DO  )XOOHU DQG 6KDUS  :HLVEURG HW DO 
+\GURJHRORJLF SURSHUWLHV RI IUDFWXUH VNLQV LH SHUPHDELOLW\
SRURVLW\ VRUSWLYLW\ DQG GLIIXVLRQ FRHIILFLHQWVPD\ GLIIHU IURP
WKRVH RI WKH PDWUL[ 6NLQV LQIOXHQFH VROXWH H[FKDQJH EHWZHHQ






)UDFWXUHV LQ FU\VWDOOLQH URFN DUH XELTXLWRXV DQG VHUYH DV
SUHIHUHQWLDO IORZ SDWKV 7KH IUDFWXUH VNLQV DUH LQ WKH IRUP RI
PLFURIUDFWXUHV RU PLFURSRUHV DQG DW QRUPDO IORZ JUDGLHQWV
VROXWHV FDQ HQWHU WKH YRLG VSDFHV E\ZD\ RI GLIIXVLRQ 6NDJLXV
DQG 1HUHWQLHNV  VKRZHG YDULDWLRQ LQ WKH GLIIXVLRQ
FRHIILFLHQWZKHQ FRPSDULQJ GLIIHUHQW W\SHV RI FU\VWDOOLQH URFNV
,QJUDQLWHV IUDFWXUHGLIIXVLRQ FRHIILFLHQWV DUHKLJKHU LQ WKH VNLQ
WKDQ LQ WKH URFN PDWUL[ DQG SRURVLW\ ZLWKLQ WKH URFN PDWUL[ LV
JHQHUDOO\ ORZHU WKDQ WKDW RI IUDFWXUH VNLQV ,Q FU\VWDOOLQH URFNV
FRDWLQJV LQ WKH IRUP RI VLOLFD JOD]H SUHFLSLWDWHG PLQHUDOV









7KHPDWKHPDWLFDOPRGHO DQDO\]HV WKH HIIHFWV DQG VHQVLWLYLW\ RI
IUDFWXUH VNLQV RQ VROXWH WUDQVSRUW 3UHYLRXV VWXGLHV .UHLVHO DQG
6KDUS  /DQGUXP  5RELQVRQ DQG 6KDUS  DQG
5RELQVRQ HW DO  FRQVLGHUHG D FRQWLQXRXV VWHS VRXUFH
IXQFWLRQ WKLV VWXG\ HYDOXDWHV ERWK FRQWLQXRXV VWHS DQG
UHFWDQJXODU SXOVH VRXUFH IXQFWLRQV 'HSHQGLQJ RQ WKH VRXUFH












































































WKH VNLQDQG URFNPDWUL['I LV WKH7D\ORUGLVSHUVLRQFRHIILFLHQW
7D\ORU$ULV'PDQG'VDUHGLIIXVLRQFRHIILFLHQWVLQ
WKH PDWUL[ DQG VNLQ 5I 5V DQG 5P DUH WKH UHWDUGDWLRQ
FRHIILFLHQWV IRU WKH IUDFWXUH VXUIDFH VNLQ DQG PDWUL[ Ȝ LV WKH
GHFD\FRHIILFLHQWDQG VI LVVNLQSRURVLW\7UDQVLHQWDQGVWHDG\
VWDWH VROXWLRQV REWDLQHG IURP /DSODFH WUDQVIRUP DQG UHVLGXH
DQDO\VHV DUH SUHVHQWHG LQ 5RELQVRQ DQG 6KDUS  DQG
5RELQVRQ HW DO  IRU WKH VWHS IXQFWLRQ DQG PRGLILHG IRU
WUDQVLHQWSXOVHIXQFWLRQLQ3K\X,QFU\VWDOOLQHURFNV5P








LQYHUVLRQ RI WKH /DSODFH WUDQVIRUP 3LHVVHQV DQG +X\VPDQV
GRFXPHQWHGE\5RELQVRQDQG6KDUSWRSURYLGHYHU\
SUHFLVHDSSUR[LPDWLRQVRI WKHDQDO\WLFDO VHULHVVROXWLRQV'LJLWDO
9LVXDO )2575$1  VRIWZDUHZDV XVHG DQG D )2575$1
SURJUDP IRU VHQVLWLYLW\ DQDO\VHV LV DYDLODEOH LQ 3K\X 
$QDO\VHV LQFOXGHG WKH HIIHFWV RI IUDFWXUH VNLQV WLPH IUDFWXUH
OHQJWK DQG IUDFWXUH DSHUWXUH 6FHQDULRV FRQVLGHUHGZLWK&O DQG
&VDQGVWHSDQGSXOVHRQWKHRUGHURIGD\VIXQFWLRQV
)LJ VKRZV RQH RI WKH PDQ\ VHQVLWLYLW\ DQDO\VHV IRU D
IUDFWXUHGURFNZLWKDVNLQWKDWLVSRURXVUHODWLYHWRWKHXQDOWHUHG
URFNPDWUL[7KHVNLQVUHWDUGWKHVROXWHWUDQVSRUWIRUERWKUHDFWLYH








)UDFWXUH VNLQV LQFU\VWDOOLQH URFNVFDQVLJQLILFDQWO\DIIHFW VROXWH
WUDQVSRUW 7KHVH VNLQV DUH FRPPRQO\ PRUH SRURXV WKDQ WKH
PDWUL[VROXWHVDUHUHWDUGHGE\GLIIXVLRQLQWRWKHVNLQV5HDFWLYH
VROXWHV DUH WUDQVSRUWHG DW ORZHU UDWHV WKDQ FRQVHUYDWLYH VROXWHV
DQG VNLQ HIIHFWV DUH PXWHG EHFDXVH RI UHWDUGDWLRQ DQG GHFD\
:KHQ VROXWH LQSXW LV D SXOVH EDFNGLIIXVLRQ FDQ EH LPSRUWDQW
$IWHUWKHVROXWHIURQWSDVVHVWKHFRQFHQWUDWLRQLQWKHIUDFWXUHFDQ
EH KLJKHU WKDQ H[SHFWHG GXH WR EDFNGLIIXVLRQ ,Q DGGLWLRQ WR
GLIIXVLRQUHWDUGDWLRQDQGGHFD\IUDFWXUHOHQJWKDQGDSHUWXUHDUH
VKRZQ WR FRQWURO VROXWH UHVLGHQFH LQ WKH IUDFWXUH DQG
EUHDNWKURXJKFRQFHQWUDWLRQV
6HQVLWLYLW\DQDO\VHVVXJJHVWWKDWVNLQSRURVLW\DQGGLIIXVLYLW\
DUH WKH PRVW LPSRUWDQW SDUDPHWHUV IROORZHG E\ VRUSWLYLW\ IRU
UHDFWLYH VROXWHV DQG VNLQ WKLFNQHVV DQG IUDFWXUH DSHUWXUH IRU
FRQVHUYDWLYH VROXWHV 9DULDWLRQV LQ VNLQ SRURVLW\ DQG GLIIXVLRQ
UHVXOW LQ WKH JUHDWHVW FKDQJH LQ VROXWH FRQFHQWUDWLRQ LQ WKH
IUDFWXUH:KHQWKHVHSDUDPHWHUVDUHVPDOO WKHUDWHVRIGLIIXVLRQ
LQWR WKH VNLQ DQGPDWUL[ DUH OLPLWHG EXW 7D\ORU GLVSHUVLRQ VWLOO
RSHUDWHV DQG D SOXJIORZ FRQGLWLRQ LV UHDFKHG :KHQ VHYHUDO
SDUDPHWHUVDUHDOWHUHGVLPXOWDQHRXVO\WKHHIIHFWRIVNLQWKLFNQHVV
LV VPDOO FRPSDUHG WR RWKHU SDUDPHWHUV *HQHUDOO\ VROXWH




7UDQVSRUW RI HLWKHU UHDFWLYH RU FRQVHUYDWLYH VROXWHV LQ










YDULDWLRQV LQ IUDFWXUHG DQG OLHVHJDQJEDQGHG %UHDWKLWW




LQ H[WUXVLYH YROFDQLF URFNV LPSOLFDWLRQ IURP WKH ZHOGHG
6DQWDQD WXII 7UDQV 3HFRV 7H[DV *HRO 6RF $PHULFD %XOO

.UHLVHO , 6KDUS -0 -U  )UDFWXUH VNLQV LQ WKH %UXVK\
&DQ\RQ)RUPDWLRQ,Q'H0LV:'&ROH$*HGV7KH%UXVK\
&DQ\RQ SOD\ LQ RXWFURS DQG VXEVXUIDFH &RQFHSWV DQG
H[DPSOHV3%66(30
/DQGUXP07 +\GURJHRORJLFSURSHUWLHV RI IUDFWXUH VNLQV
DQG WKHLU HIIHFWV RQ UDGLRQXFOLGH WUDQVSRUW XQSXE06 WKHVLV
8QLY7H[DVSS
3K\X7  7UDQVLHQWPRGHOOLQJ RI FRQWDPLQDQW WUDQVSRUW LQ
GXDOSRURVLW\PHGLDZLWKIUDFWXUHVNLQVXQSXE06WKHVLV8QLY
7H[DVSS
3LHVVHQV 5 +X\VPDQV 5  $OJRULWKP  $XWRPDWLF
QXPHULFDO LQYHUVLRQ RI WKH /DSODFH WUDQVIRUP $&0 7UDQV
0DWK6RIWZDUH
5RELQVRQ1,6KDUS-0-U$QDO\WLFDO6ROXWLRQIRU6ROXWH





6KDUS -0 -U  )UDFWXUHG DTXLIHUVUHVHUYRLUV $SSURDFKHV
SUREOHPV DQG RSSRUWXQLWLHV ,Q %DQNV ' %DQNV 6 HGV
+\GURJHRORJ\ RI +DUG 5RFNV 0HPRLUHV ,QW $VVRF
+\GURJHRORJLVWV2VOR
6NDJLXV . 1HUHWQLHNV ,  3RURVLWLHV DQG GLIIXVLYLWLHV RI
VRPHQRQVRUELQJVSHFLHVLQFU\VWDOOLQHURFNV:DWHU5HVRXUFHV
5HVHDUFK
6WUHOWVRYD7' +\GURG\QDPLFV RI JURXQGZDWHU IORZ LQ D
IUDFWXUHGIRUPDWLRQ:DWHU5HVRXUFHV5HVHDUFK
7D\ORU*'LVSHUVLRQRIVROXEOHPDWWHULQVROYHQWIORZLQJ
VORZO\ WKURXJK D WXEH 3URF5R\DO6RFLHW\/RQGRQ6HULHV$

:HLVEURG 1 1DWLY 5 $GDU (0 5RQHQ '  ,PSDFW RI



























$ E V W U D F W   $QDSSURDFKWRLGHQWLI\WKHPDFURVFDOHSHUPHDELOLW\GLVWULEXWLRQE\XVLQJPXOWLSOHWUDFHUPHDVXUHPHQWVPXOWLYDULDWH









7KH GHWHUPLQDWLRQ RI WKH VSDWLDO GLVWULEXWLRQ RI PDWHULDO
SURSHUWLHVLQVWURQJO\KHWHURJHQHRXVPHGLDLVDFKDOOHQJHGXHWR
WKH IDFW WKDW FRPPRQ PHDVXUHPHQW WHFKQLTXHV \LHOG LQWHJUDO
UHVXOWV$SRVVLELOLW\ WRREWDLQDQH[WHQGHG LQIRUPDWLRQEDVLV LV
WRSHUIRUPDODUJHUQXPEHURIPHDVXUHPHQWVLQWRWDOFRYHULQJWKH
WRWDO DUHD RI LQWHUHVW DQG WR VSDWLDOO\ DUUDQJH WKHP VR WKDW
FRPSDUDELOLW\ EHWZHHQ WKH VLQJOH PHDVXUHPHQWV LV JLYHQ %\
PHDQV RIPXOWLYDULDWH VWDWLVWLFV WKHPHDVXUHPHQWV DUH FOXVWHUHG
LQWR JURXSV RI VLPLODU FKDUDFWHULVWLFV LQGLFDWLQJ WKH ORFDWLRQ RI
UHJLRQV SRVVHVVLQJ VLPLODU PDWHULDO SURSHUWLHV 6XFK
PHDVXUHPHQWV LQ WKLV FDVH WKH GHWHFWLRQ RI WKH UHVSRQVH WR D
WUDFHU LPSXOVHZHUHSHUIRUPHGRQDKHWHURJHQHRXVDLUVDWXUDWHG
EHQFKVFDOHFPVDQGVWRQHEORFNDVSUHVHQWHGE\%UDXFKOHUHW











DLU VDWXUDWHG VDQGVWRQH EORFN  PHDVXUHPHQWV SRUWV DUH
PRXQWHG LQ D UHJXODU SDWWHUQ ZKHUHDV WKH UHVW RI WKH VXUIDFH LV
VHDOHG 'XULQJ D PHDVXUHPHQW RQO\ WZR SRUWV DOZD\V ORFDWHG
GLUHFWO\RSSRVLWH WRHDFKRWKHUDUHRSHQ$SUHVVXUHRIS 
EDUDQGS EDULVLPSRVHGWRWKHLQDQGWRWKHRXWIORZSRUWV
UHVSHFWLYHO\ $IWHU VWHDG\ VWDWH IORZ FRQGLWLRQV DUH UHDFKHG D
WUDFHUSXOVH LV LQMHFWHGDQG WKHFRQFHQWUDWLRQ LVPHDVXUHGDW WKH





)RU HDFK RI WKH PHDVXUHG WUDFHU EUHDNWKURXJK FXUYHV WKH
GLVFKDUJHDQGFHUWDLQFKDUDFWHULVWLFYDOXHVGHVFULELQJWKHVKDSHRI
WKH FXUYH DUH GHWHUPLQHG $ IDFWRU DQDO\VLV LV SHUIRUPHG WR
GHWHUPLQH D QXPEHU RI DOPRVW XQFRUUHODWHG YDULDEOHV XVHG WR
FODVVLI\WKHFXUYHV7KHFODVVLILFDWLRQLVSHUIRUPHGE\PHDQVRID
NPHDQV FOXVWHU DQDO\VLV $ GHWDLOHG GHVFULSWLRQ LV JLYHQ LQ
%UDXFKOHU HW DO %HIRUH WKH FODVVLILFDWLRQ FDQ EH FDUULHG
RXW WKH FXUYHV PXVW EH GLYLGHG LQWR JURXSV DFFRUGLQJ WR WKH
ORFDWLRQ RI WKH SRUWV UHODWLYH WR WKH EORFN ERXQGDULHV WR REWDLQ
FRPSDUDELOLW\7KH HIIHFW RI WKHERXQGDULHV RQ WKH VKDSHRI WKH
WUDFHU EUHDNWKURXJK FXUYH LV RI VLJQLILFDQW LPSRUWDQFH (LFKHO
 &XUUHQWO\ GHWDLOHG LQYHVWLJDWLRQV FRQFHUQLQJ WKH
TXDQWLWDWLYH LQIOXHQFH RI ERXQGDULHV RQ WUDFHU EUHDNWKURXJK
FXUYHV DQG RQ WKHLU VHQVLWLYLW\ WR KHWHURJHQHLWLHV DUH EHLQJ
SHUIRUPHG ,Q ILJ WKH FODVVLILHG WUDFHU EUHDNWKURXJK FXUYHV RI
DOO SRUW FRQILJXUDWLRQV ORFDWHG LQ WKH FRUQHUV RI WKHEORFN [




7KUHH FOXVWHUV DUH REWDLQHG IURP WKH DQDO\VLV 7KH SRUW
FRQILJXUDWLRQVRI WKHFXUYHVEHORQJLQJ WRFOXVWHURQHDUHDOPRVW
DOO ORFDWHGLQWKHXSSHUFRUQHUVRIWKHYHUWLFDOVLGHVRIWKHEORFN
   DQG  $GGLWLRQDOO\
FRQILJXUDWLRQ  LV LQFOXGHG LQWR WKLV FOXVWHU +RZHYHU
YLVXDO LQVSHFWLRQ RI WKH SORWWHG FXUYHV ILJ OHDG WR WKH
FRQFOXVLRQWKDWWKLVFXUYHVHHPVWREHFORVHUWRFOXVWHUWKUHHWKDQ
WRFOXVWHURQH&XUUHQWO\WKHDVSHFWRIDFKLHYLQJDVDWLVI\LQJDQG
PHDQLQJIXO FOXVWHU UHVXOW LV LQYHVWLJDWHG XVLQJ QXPHULFDO
VLPXODWLRQVDVEULHIO\GLVFXVVHGLQWKHODVWFKDSWHURIWKLVSDSHU
&OXVWHUWKUHHLVIRUPHGE\FXUYHVORFDWHGLQWKHORZHUFRUQHUVRI
WKH YHUWLFDO VLGHV RI WKH EORFN DQG FOXVWHU WZR LV IRUPHGE\ WKH




WKUHH VKRZ DQ LQWHUPHGLDWH EHKDYLRXU %DVHG RQ WKHVH
REVHUYDWLRQV LW LV DVVXPHG WKDW WKH EORFN FRQVLVWV RI WZR
KRUL]RQWDOOD\HUVRIGLIIHUHQWSHUPHDELOLW\ZKHUHWKHXSSHUOD\HU
LV PRUH SHUPHDEOH WKDQ WKH ORZHU RQH 6LQFH WKH PHDQ DUULYDO
WLPHRIFOXVWHUWZRLVWKHODUJHVWLWLVIXUWKHUDVVXPHGWKDWWKHUHLV
DQ DQLVRWURS\ IDFWRU ODUJHU WKDQRQHEHWZHHQ WKHKRUL]RQWDO DQG






7KH SHUPHDELOLW\ N LV DSSUR[LPDWHG EDVHG RQ 'DUF\
V ODZ
XVLQJ WKH PHDQ LQLWLDO DUULYDO WLPH RI HDFK FOXVWHU LQLWW  NQRZQ
YDOXHV RI WKH SUHVVXUH S DQG RI WKH G\QDPLF YLVFRVLW\ P 














7KHXVHRI LQLWW LVEDVHGRQWKHDVVXPSWLRQWKDW WKHLQLWLDODUULYDO
WLPH UHSUHVHQWV WKH SRUWLRQ RI WKH WUDFHU PDVV WUDYHOOLQJ WKH
VKRUWHVW GLVWDQFH 'XH WR GLVSHUVLYH DQG GLIIXVLYH HIIHFWV WKLV
RYHUHVWLPDWHV WKH GHWHUPLQHG SHUPHDELOLW\ &XUUHQWO\ XVLQJ
QXPHULFDOVLPXODWLRQVWKHFRUUHFWFKRLFHRIDUHSUHVHQWDWLYHWLPH
IRU GLIIHUHQW VLWXDWLRQV LV LQYHVWLJDWHG VHH )LQDO UHPDUNV DQG
RXWORRN7RDFHUWDLQH[WHQWWKLVRYHUHVWLPDWLRQLVFRPSHQVDWHG
E\ WKH IDFW WKDW WKH GLUHFW GLVWDQFH FP LV QRW HTXDO WR WKH
OHQJWK RI WKH VKRUWHVW IORZ SDWK EHWZHHQ WZR SRUWV'XH WR WKH
LQIOXHQFHRIWKHERXQGDULHVWKHDFWXDOOHQJWKLVODUJHU
7KH SHUPHDELOLW\ N FDOFXODWHG DFFRUGLQJ WR HTXDWLRQ 
HVWLPDWHV WKH HIIHFWLYH SHUPHDELOLW\ EHWZHHQ WZR SRUWV
7KHUHIRUH IRU FOXVWHU WZR ERWWRPWRS WKH HVWLPDWHG
SHUPHDELOLW\ LV WKH KDUPRQLFPHDQ RI WKH SHUPHDELOLWLHV RI WKH
XSSHU DQG WKH ORZHU OD\HUXQGHUFRQVLGHUDWLRQRIDQDQLVRWURS\

















JHRPHWU\ RI WKH H[SHULPHQWDO EORFN NQRZQ IOXLG SDUDPHWHUV RI
DLU WKH DVVXPHG SRURVLW\ DQG WKH SHUPHDELOLW\ GLVWULEXWLRQ
GHGXFHG IURP WKH UHVXOWV RI WKH FOXVWHU DQDO\VLV 7KH GLIIXVLRQ
FRHIILFLHQW DV ZHOO DV WKH WUDQVYHUVDO DQG ORQJLWXGLQDO
GLVSHUVLYLWLHVDUHPLQLPLVHGZLWK WKHREMHFWLYH WRHPSKDVLVH WKH
DGYHFWLYH WUDQVSRUWSURFHVV)RUHDFKSRUWFRQILJXUDWLRQDPHVK
ZLWKUHILQHPHQWDURXQGWKHLQDQGWKHRXWIORZSRUWVLVJHQHUDWHG
XVLQJ WKH PHVK JHQHUDWRU $57 )XFKV  7KH ERXQGDU\
FRQGLWLRQV IRU WKH IORZ DQG IRU WKH WUDQVSRUW VLPXODWLRQ DUH
FKRVHQZLWKWKHREMHFWLYHWRDFKLHYHWKHEHVWSRVVLEOHFRPSOLDQFH
ZLWK WKH UHDO H[SHULPHQW ,QYHVWLJDWLRQV RI WKH LQIOXHQFH RI
FRPSUHVVLELOLW\ VKRZ WKDW WKLV DVSHFW PXVW EH FRQVLGHUHG 7KLV
DVSHFW LV LPSOHPHQWHG LQWR WKH QXPHULFDO PRGHO EDVHG RQ WKH






RQHV DOORZLQJ D GLUHFW FRPSDULVRQ EHWZHHQ WKH WZR VHWV RI
FOXVWHUV ,Q ILJ WKH FODVVLILHG VLPXODWHG WUDFHU EUHDNWKURXJK
FXUYHVDUHSUHVHQWHG
7KUHH YHU\ GLVWLQFW FOXVWHUV DUH IRXQG 7KH ILUVW FOXVWHU LV
FKDUDFWHULVHG E\ DQ HDUO\ DYHUDJH DUULYDO WLPH DQG D VKDUS
FRQFHQWUDWLRQ LQFUHDVH7KH FXUYHV RI WKH VHFRQG FOXVWHU DUULYHV
ODWH DQG KDYH D SURQRXQFHG WDLOLQJ 7KH WKLUG FOXVWHU WDNHV DQ
LQWHUPHGLDWH SRVLWLRQ &RPSDULQJ WKH PHDVXUHG UHVXOW ZLWK WKH
VLPXODWHG RQH OHDG WR WKH IROORZLQJ FRQFOXVLRQV  WKH LQLWLDO
DUULYDO WLPH RI DOO WKH FRUUHVSRQGLQJ FOXVWHUV VKRZ JRRG
DJUHHPHQW  WKHDUULYDORI WKHSHDNRI WKHVLPXODWHGFXUYHV LV
JHQHUDOO\ VOLJKWO\ HDUOLHU WKDQ IRU WKH PHDVXUHG RQHV  WKH

























FRPELQHGZLWK WKH VOLJKWO\ HDUO\SHDN WLPH  LQGLFDWH WKDW RQ
DYHUDJH WKH HVWLPDWHG SHUPHDELOLW\ GLVWULEXWLRQ LV SODXVLEOH
KRZHYHU VRPHZKDW RYHUHVWLPDWHG2EVHUYDWLRQ  DQG  ERWK
LQGLFDWH D PRUH VLJQLILFDQW HIIHFW RI GLVSHUVLRQ DQG GLIIXVLRQ
SURFHVVHV IRU WKH UHDO EORFN 7KLV GHYLDWLRQ IURP WKHPHDVXUHG
FXUYHVLVH[SHFWHGVLQFHWKHDGYHFWLYHSURFHVVHVDUHGHOLEHUDWHO\
SURQRXQFHG LQ WKH VLPXODWLRQ VHWXS $QRWKHU JHQHUDO
REVHUYDWLRQ PDGH IURP WKH FRPSDULVRQ RI WKH FKDUDFWHULVWLF
SDUDPHWHUV XVHG IRU WKH FODVVLILFDWLRQ RI WKH FXUYHV LV WKDW WKH









PXOWLYDULDWH VWDWLVWLFV DQG QXPHULFDO VLPXODWLRQ+RZHYHU WKHUH
LV QR JXDUDQWHH WKDW WKH HVWLPDWHG GLVWULEXWLRQ LV XQLTXH
0RUHRYHU WKHUH DUH VWLOO D QXPEHU RI LVVXHV WKDW QHHG IXUWKHU
LQYHVWLJDWLRQ LQ RUGHU WR LPSURYH WKH PHWKRG DQG WR WHVW WKH
IHDVLELOLW\ IRU GLIIHUHQW W\SHV RI KHWHURJHQHLW\ GLVWULEXWLRQV
&XUUHQWO\ LQYHVWLJDWLRQV GHDOLQJ ZLWK WKHVH LVVXHV DUH EHLQJ
SHUIRUPHG)RUWKLVSXUSRVHILFWLWLRXVFDVHVDUHGHVLJQHGWKHILUVW
ZLWK EORFN VKDSHG KHWHURJHQHLWLHV WKH VHFRQG ZLWK D IHZ
IUDFWXUHV WKH WKLUGZLWKDUHJXODU IUDFWXUHV\VWHPDQG WKHIRXUWK
ZLWKDQDWXUDOIUDFWXUHV\VWHP$OOIUDFWXUHV\VWHPVDUHHPEHGGHG
LQ D SRURXVPDWUL[2QHSHUVRQ VLPXODWHV WKH PHDVXUHG WUDFHU
EUHDNWKURXJK FXUYHV DQG DQRWKHU SHUVRQ ZLWKRXW NQRZOHGJH
DERXW WKH VWUXFWXUH RI WKH GRPDLQ GHDOV ZLWK WKH HYDOXDWLRQ RI
WKHVH FXUYHV7KHXVHRIQXPHULFDOPRGHOV IRUZKLFK WKHH[DFW
SHUPHDELOLW\LVNQRZQ\LHOGVWKHSRVVLELOLW\WRDVVHVVWKHTXDOLW\
RI WKH UHVXOWV ,W LV H[SHFWHG WKDW WKH XVH RI WKH PXOWLYDULDWH










)XFKV $  2SWLPLHUWH 'HODXQD\7ULDQJXOLHUXQJHQ ]XU
9HUQHW]XQJ JHWULPPWHU 185%6.|USHU 3K' WKHVLV
8QLYHUVLW\RI6WXWWJDUW
+HOPLJ5&ODVV++XEHU+6KHWD+(ZLQJ5+LQNHOPDQQ5
-DNREV + %DVWLDQ 3  $UFKLWHFWXUH RI WKH PRGXODU
SURJUDP V\VWHP08)7(B8* IRU VLPXODWLQJ PXOWLSKDVH IORZ
















$ E V W U D F W   7KLVFRQWULEXWLRQIRFXVHVRQWKHSRVVLELOLWLHVDQGOLPLWDWLRQVRIPXOWLFRQWLQXXPPRGHOVZLWKUHJDUGWRVLPXODWLQJIORZ








,QYHVWLJDWLRQV FRQFHUQLQJ IUDFWXUHG IRUPDWLRQV RIWHQ IRFXV RQ
WKHLUSRWHQWLDODVK\GUDXOLFEDUULHUVZLWKUHJDUGWRQXFOHDUZDVWH
GHSRVLWV ZKHUHDV WKH SUHVHQWHG VWXG\ IRFXVHV RQ FRQWDPLQDQW
WUDQVSRUW LQ IUDFWXUHG DTXLIHUV ZLWK FRQVLGHUDEOH IUDFWXUH DQG
PDWUL[SHUPHDELOLW\UHVSHFWLYHO\+RZHYHUWKHIUDFWXUHQHWZRUN
DQG WKH URFN PDWUL[ DUH WKH WZR PDLQ KHWHURJHQHRXV K\GUDXOLF
FRPSRQHQWVRIVXFKIRUPDWLRQV)RUVRPHIRUPDWLRQVPRUHWKDQ
WKHVH WZRPDLQ FRPSRQHQWV KDYH WR EH GLVWLQJXLVKHG VXFK DV D
PDFUR DQGPLFUR IUDFWXUH V\VWHP0XOWLFRQWLQXXPPRGHOV DUH
DSSOLHG WR VLPXODWH FRQWDPLQDQW WUDQVSRUW LQ VXFK IRUPDWLRQV
&HQWUDOWRWKRVHPRGHOVLVWKHDVVXPSWLRQWKDWWKHKHWHURJHQHRXV
URFN IRUPDWLRQ FDQ EH VHSDUDWHG LQWR FRXSOHG KRPRJHQHRXV
PHGLD HDFK UHSUHVHQWLQJRQHK\GUDXOLF FRPSRQHQW(VVHQWLDO WR
WKH SULQFLSOH RQ KRPRJHQL]DWLRQ IRU KHWHURJHQHRXV PHGLD LV WR
GHILQH HTXLYDOHQW PRGHO SDUDPHWHUV DQG WR ILQG DSSURSULDWH
IRUPXODWLRQV IRU WKH LQWHUDFWLRQ RI WKH K\GUDXOLF FRPSRQHQWV




)LJXUH6ROXWH H[FKDQJH LQ IUDFWXUHGSHUPHDEOH IRUPDWLRQV
IURP-DQVHQ
7KHREMHFWLYHRIWKHSURSRVHGSDSHULVWRSUHVHQWWKHRQJRLQJ
PRGHOLQJ XVLQJ WKH PXOWLFRQWLQXXP DSSURDFK DQG IXWXUH
GHYHORSPHQW RI LQYHVWLJDWLRQV FRQFHUQLQJ IORZ DQG WUDQVSRUW LQ
IUDFWXUHG SHUPHDEOH IRUPDWLRQV ZLWKLQ WKH $TXLIHU $QDORJXH
3URMHFW7KHUHVHDUFKRIRXUSURMHFWJURXSGXULQJWKHWKLUGSKDVH
   RI WKLV SURMHFW LV IRFXVHG RQ LQYHVWLJDWLRQV
FRQFHUQLQJ WKH SRVVLELOLWLHV DQG OLPLWDWLRQV RI WKH PXOWL
FRQWLQXXP PRGHO )XUWKHUPRUH WKH VHQVLWLYLW\ RI FRXSOLQJ DQG







7KH VWDWLVWLFDO HYDOXDWLRQ VHH HJ ILJ GHVFULEHG LQ WKH
SURSRVHGSDSHUE\+DVHHWDOLVDSSOLHGWRODERUDWRU\DQG
ILHOG GDWD 7KH H[SHULPHQWDO UHVXOWV DUH DQDO\]HG E\ PHDQV RI
FOXVWHUDQDO\VLV 7XHELQJHQSURMHFWJURXS%DVHGRQ WKLVGDWD D
PXOWLFRQWLQXXP PRGHO LV GHYHORSHG ZKLFK LV FDSDEOH RI
UHSUHVHQWLQJ WKH FKDUDFWHULVWLF SURSHUWLHV RI WKH IUDFWXUHG



















































DQG WUDQVSRUW SURFHVVHV LQ IUDFWXUHGSHUPHDEOH VDQGVWRQH WKLV
LVVXH
-DQVHQ'  ,GHQWLILNDWLRQGHV0HKUNRQWLQXXP0RGHOOV ]XU
6LPXODWLRQ GHV 6WRIIWUDQVSRUWHV LQ PXOWLSRU|VHQ

















$ E V W U D F W   7KHIXQGDPHQWDOVROXWLRQRIWKHFODVVLFDOHTXDWLRQRIFRQYHFWLRQGLIIXVLRQLVZHOONQRZQDQGUHSUHVHQWVDV\PPHWULF
*DXVVLDQSURILOHZLWKH[SRQHQWLDOO\GHFUHDVLQJWDLOV+RZHYHUWKHUHDUHODERUDWRU\%HQVRQ%HQVRQHWDODQGQDWXUDO
+DWDQRDQG+DWDQR/H%ODQFHWDOH[SHULPHQWVLQGLFDWLQJWKDWLQHQYLURQPHQWVZLWKLQWHUQDOVWUXFWXUHVIRUH[DPSOHZLWK
D IUDFWDO QHWZRUN RI FUDFNV WKH GLVSHUVLYH FDUU\ VXEPLWV WRPRUH FRPSOH[ ODZV7KH VDPH DOVR FRQFHUQV WR VWURQJO\ QRQXQLIRUP
HQYLURQPHQWV7KHGLVSHUVLRQRIDQLPSXULW\LQWKHVHFDVHVFHDVHVWRVXEPLWWRWKHVWDQGDUGODZ W6SDWLDOSURILOHRIFRQFHQWUDWLRQ



































ZKHUH @>D  LV WKH RUGHU RI IUDFWLRQDO GLIIXVLRQ
@>E  LV WKH ³VNHZQHVV´ RU WKH IDFWRU RI DV\PPHWU\ Ȟ
GHQRWHVFRQYHFWLYHYHORFLW\DQG'LVWKHFRHIILFLHQWRIGLIIXVLRQ
7KH PRVW LQWHUHVWLQJ DQG SUDFWLFDOO\ LPSRUWDQW TXHVWLRQ LV
LGHQWLILFDWLRQ RI IUDFWLRQDO GLIIXVLRQ SDUDPHWHUV E\ UHVXOWV RI
QDWXUDO PHDVXUHPHQWV ,Q WKLV FRQQHFWLRQ WKHUH DUH PDQ\










DQG LW LV UHTXLUHG WR ILQG WKH SDUDPHWHUVDE DQG' ,W LV DOVR
VXSSRVHG WKDW FRQYHFWLYH PLJUDWLRQ LV DEVHQW ,Q WKLV FDVH WKH






















,W LV QHFHVVDU\ WR QRWH WKDW W LV QRW WLPH EXW WKH FHUWDLQ


















7KXV WKH SUREOHP LV UHGXFHG WR IROORZLQJ WZR SURILOHV RI
FRQFHQWUDWLRQ&[DQG&[ZKLFKDUHVHSDUDWHGZLWKWKHJLYHQ
WLPH YDULDEOH G DUH NQRZQ DQG LW LV UHTXLUHG WR ILQG WKH







2QHRI WKHPRVW UHOLDEOHPHWKRGVRI WKHGHFLVLRQRI WKH LQYHUVH
SUREOHP LV WKH VHDUFKPHWKRG IRU YDULRXV SDUDPHWHUV DLEM  
L1M1 L M 1 LQ UHJXODU LQWHUYDOV FRYHULQJ DUHD
LQWHUHVWLQJIRUXVWKHGLUHFWSUREOHPRIIUDFWLRQDOGLIIXVLRQZLWK
LQLWLDOFRQGLWLRQ&[DQGWKHJLYHQWLPHYDULDEOHįLVVROYHGDQG
WKH UHVXOW LV FRPSDUHG WR WKH UHDO GDWD )RU WKH GHFLVLRQ RI WKH
GLUHFW SUREOHP RI IUDFWLRQDO GLIIXVLRQ LW LV FRQYHQLHQW WR XVH D
PHWKRGRI IDVW )RXULHU WUDQVIRUPDWLRQ *RORYL]QLQ HW DOD
*RORYL]QLQ HW DO E )RU HDFK SDLU DLEM WKH PLVWDNH RQ
QRUP / EHWZHHQ D SURILOH UHFHLYHG IURP WKH GHFLVLRQ RI WKH
GLUHFWSUREOHPDQGD UHDOSURILOH LVFDOFXODWHG&[3DLU DLEM
WKDWDSSURSULDWHWRWKHPLQLPDOPLVWDNHPD\EHDFFHSWHGIRUWKH
GHFLVLRQRI WKH LQYHUVHSUREOHP)RUDFKLHYHPHQWRI WKHJUHDWHU
DFFXUDF\WKHQHDUHVWYLFLQLW\RIWKLVDSSURDFKHGGHFLVLRQPD\EH
FRYHUHG ZLWK VPDOOHU JULG DQG SURFHVV RI FDOFXODWLRQ RQ WKH
GHVFULEHGDOJRULWKPPD\EHFRQWLQXHG6HULRXVDGYDQWDJHRIWKH
VHDUFKPHWKRG LQ FRPSDULVRQZLWK WKH RWKHU NQRZQPHWKRGV LV
WKDWLWDOORZVWRILQGJOREDOPLQLPXPLQWKHZKROHDUHDRIFKDQJH
RIXQNQRZQSDUDPHWHUV
+RZHYHU WKH VHDUFK PHWKRG LV QRQRSWLPDO HQRXJK )RU
H[DPSOH WR GHILQH SDUDPHWHUV RI IUDFWLRQDO GLIIXVLRQ ZLWK
DFFXUDF\RILWLVQHFHVVDU\WRVROYHWKHHTXDWLRQRIIUDFWLRQDO
GLIIXVLRQDERXWWLPHVLQWKHRQHGLPHQVLRQDOFDVHWLPHV







)RU D FKRLFH RI PRUH HIIHFWLYH PHWKRGV RI WKH GHFLVLRQ RI WKH
LQYHUVH SUREOHP LW LV QHFHVVDU\ WR KDYH VRPH LGHDV DERXW
FKDUDFWHU RI HUURU IXQFWLRQ EHKDYLRXU DQG SRVVLEOH SUHVHQFH RQ
WKLV IXQFWLRQ RI ORFDO PLQLPD :LWK WKLV SXUSRVH WKH RQH
GLPHQVLRQDOPHWKRGLFDO SUREOHP LQ VWXG\LQJ EHKDYLRXU RI HUURU
ZDV VROYHG IRUYDULRXVSDUDPHWHUVRI IUDFWLRQDOGLIIXVLRQE\ WKH
VHDUFK PHWKRG 7KH DSSURSULDWH FRPSXWHU SURJUDP ZDV
GHYHORSHG DQG D ORW RI FDOFXODWLRQV ZDV H[HFXWHG ZKLFK KDV
VKRZQ WKDW ORFDO PLQLPD DUH DEVHQW DQG WKH XQLTXH JOREDO
PLQLPXP KDV QR UDYLQH FKDUDFWHU ,Q WKH ILJ WKH H[DPSOH RI
IXQFWLRQRIHUURUIRUWKHRQHFRQFUHWHSDLUĮȕLVJLYHQ
3UHVHQFH RI WKH XQLTXH PLQLPXP DQG DEVHQFH RI UDYLQH
EHKDYLRXUDOORZXVWRXVHDOWHUQDWLYHPRUHHFRQRPLFPHWKRGVRI
WKH GHFLVLRQ RI WKH LQYHUVH SUREOHP EDVLQJ RQ LGHD RI JUDGLHQW










LQ RQHGLPHQVLRQDO DQG LQ PXOWLYDULDWH FDVHV ZH FKRVH WKH
DSSURDFKEDVLQJRQFRQVWUXFWLRQ WUDLQLQJDQGVXEVHTXHQWXVHRI
QHXUDOQHWZRUNV
7KHEDVLF LGHDRI WKLVDSSURDFKFRQVLVWV LQ WKHIROORZLQJ ,Q
WKH EHJLQQLQJ WKH GLUHFW SUREOHP RI IUDFWLRQDO GLIIXVLRQ ZLWK
LQLWLDOFRQGLWLRQ&[WKHJLYHQWLPHYDULDEOHGDQGYDULRXVSDLUV
SDUDPHWHUV ĮLȕM L1M1 L M «1 LV VROYHG7KXV
WKH VHWWOHPHQW JULG RQ VSDWLDO FRRUGLQDWH [ XQGHUWDNHV HQRXJK
GHWDLOHG6RLQWKHWHVWRQHGLPHQVLRQDOSUREOHPVLWLVFRQVLGHUHG
FHOOV,WLVWRRODUJHTXDQWLW\LQRUGHUWRPDNHWKHPDOODVWKH
LQSXWV RI WKHQHXUDOQHWZRUN WKHUHIRUH LQLWLDO VHWWOHPHQW FHOOV LV









$W WKH ILQDO VWDJH WKH UHDO GDWD LV XVHG DV DQ LQSXW RI WKH
QHWZRUN DQG WKH WUDLQHG QHWZRUN VKRXOG GHILQH YDOXHV RI WKH





SUREOHP KDV VKRZQ WKDW WKH VXFFHVV LQ XVH RI QHXUDO QHWZRUNV
HVVHQWLDOO\ GHSHQGV RQ WKHLU DUFKLWHFWXUH ,I LQ WKH RXWSXW RI WKH
QHXUDOQHWZRUNERWKSDUDPHWHUVZDVGHILQHGDWRQFHHYHQRQWKH
ELJVHWRIWUDLQLQJH[DPSOHVWKHSDUDPHWHUȕZRXOGKDYHDPDUJLQ
HUURUDERXWXQLW7KXV WKHSDUDPHWHUĮ DVDPDWWHURI IDFWEHLQJ
WKH EDVLF LV GHILQHG SUHFLVHO\ HQRXJK ,W KDV UHVXOWHG LQ WKH
IROORZLQJPHWKRGLFDOWHFKQLTXH7KHQHWZRUNZLWKXQLTXHRXWSXW
YDOXH LQ WKH EHJLQQLQJ ZRXOG EH XQGHU FRQVWUXFWLRQ DQG LWV
WUDLQLQJ RQ VRPH VHW RI YDULRXV SDLUV ĮȕZLOO EH FDUULHG RXW
7KHQUHDOGDWDLVXVHGDVDQLQSXWRI WKLVQHWZRUNDQGWKHUHLVD
SDUDPHWHUĮWKHQRWKHUQHWZRUNZKLFKRXWSXWLVRQHRQO\YDOXH




$V D QHXUDO QHWZRUN WKH PXOWLOD\HUHG SHUFHSWURQ ZLWK WZR
ODWHQW OD\HUVRQQHXURQVLQHYHU\RQHZDVXVHG)RUUHDOL]DWLRQ
RI WUDLQLQJ RI QHXUDO QHWZRUNV VRIWZDUH SDFNDJH ³6WDWLVWLFD
1HXUDO1HWZRUNV´ZDVXVHG
7KH DQDO\VLV RI DFFXUDF\GHSHQGHQFHRI IUDFWLRQDO GLIIXVLRQ
SDUDPHWHUV GHILQLWLRQ IURP WUDLQLQJ H[DPSOHV TXDQWLW\ KDYH
VKRZQ WKDW WKH DFFXUDF\ RI IUDFWLRQDO GLIIXVLRQ SDUDPHWHUV
GHILQLWLRQ DERXW  SHUFHQW LV UHDFKHG XVLQJ DERXW  WUDLQLQJ
H[DPSOHV7KDWLVWKHRIIHUHGPHWKRGLVDSSUR[LPDWHO\WZRRUGHUV
IDVWHUWKDQDVHDUFKPHWKRG
5HVHDUFK RI VWDELOLW\ RI WKH RIIHUHG PHWKRG LQ UHODWLRQ WR
QRLVHLQWKHLQSXWGDWDLVFDUULHGRXW1RLVHRIWKHIROORZLQJNLQG
ZDVFRQVLGHUHG
 [V  (;3ɋ& UHDOQRLV\ 
ZKHUH ı GHQRWHV DPSOLWXGH RI QRLVH DQG @>[  LV
HYHQO\GLVWULEXWHGUDQGRPYDULDEOH&DOFXODWLRQVKDYHVKRZQWKDW
WKHPHWKRGLVHIIHFWLYHIRUDPSOLWXGHVRIQRLVHXSWRSHUFHQWV
7KH GHFLVLRQ RI WKH LQYHUVH SUREOHP E\ GHILQLWLRQ RI
IUDFWLRQDO GLIIXVLRQ SDUDPHWHUV E\ WKH RIIHUHG PHWKRG ZDV
JHQHUDOL]HG RQ WKH WZRGLPHQVLRQDO SUREOHP RI IUDFWLRQDO




















































D ILQGLQJ RI SDUDPHWHUV RI WKLV HTXDWLRQ ZLWK DFFXUDF\ LQ 
SHUFHQWV DUH UHFHLYHG7KH\ VKRZ WKDW XVLQJRI QHXUDO QHWZRUNV
IRU WKH GHFLVLRQ RI WKUHHGLPHQVLRQDO SUREOHPV RQ FRPSXWHU
EDVHGRQ,QWHO3HQWLXP,,,0K]SURFHVVRULWLVUHTXLUHGDERXW
KRXUV
1RZ UHVHDUFK FRQQHFWHG ZLWK WKLV VXEMHFWV SURFHHGV 7KH
VSHFLDODWWHQWLRQLVJLYHQWRWKHGHFLVLRQRIPRUHJHQHUDOSUREOHP
RI IUDFWLRQDO GLIIXVLRQ LQ YLHZ RI FRQYHFWLYH PLJUDWLRQ DQG
DQLVRWURS\RIGLIIXVLRQFRQVWDQW
%HVLGHV WKH HTXDWLRQVZLWK IUDFWLRQDO VSDWLDO GHULYDWLYHV WKH
WLPHIUDFWLRQDO GLIIXVLRQ HTXDWLRQV DQG WKH FRPELQHG HTXDWLRQV







%HQVRQ '$  7KH )UDFWLRQDO $GYHFWLRQ'LVSHUVLRQ
(TXDWLRQ 'HYHORSPHQW DQG $SSOLFDWLRQ $ GLVVHUWDWLRQ
VXEPLWWHG LQ SDUWLDO IXOILOOPHQW RI WKH UHTXLUHPHQWV IRU WKH
GHJUHHRI'RFWRURI3KLORVRSK\LQ+\GURJHRORJ\
%HQVRQ '$ 6FKXPHU 50HHUVFKDHUW 00  )UDFWLRQDO
GLVSHUVLRQ /pY\ PRWLRQ DQG WKH0$'( WUDFHU WHVWV 7UDQVS
3RU0HGLD
*RORYL]QLQ90 .LVHOHY93 .RURWNLQ,$ <XUNRY<, 
6RPH )HDWXUHV RI &RPSXWLQJ $OJRULWKPV IRU WKH )UDFWLRQDO
'LIIXVLRQ (TXDWLRQV LQ 5XVVLDQ 3UHSULQW ,%5$(
0RVFRZ16,5$6
*RORYL]QLQ90.LVHOHY93.RURWNLQ,$ &RPSXWDWLRQDO
0HWKRGV IRU WKH 2QH'LPHQVLRQDO )UDFWLRQDO 'LIIXVLRQ
(TXDWLRQV LQ 5XVVLDQ 3UHSULQW ,%5$( 0RVFRZ
16,5$6
*RORYL]QLQ90 .LVHOHY93 6HPHQRY91 .RURWNLQ,$
<XUNRY<,  7KH 'HFLVLRQ RI WKH ,QYHUVH 3UREOHP RI
,GHQWLILFDWLRQ RI WKH )UDFWLRQDO 'LIIXVLRQ 3DUDPHWHUV LQ
5XVVLDQ3UHSULQW,%5$(0RVFRZ16,5$6
+DWDQR< +DWDQR1  'LVSHUVLYH WUDQVSRUW RI LRQV LQ
FROXPQ H[SHULPHQWV $Q H[SODQDWLRQ RI ORQJWDLOHG SURILOHV
:DWHU5HVRXU5HV
/H%ODQF'5 *DUDEHGLDQ63+HVV .0*HKODU /: 4XDUGL
5'6WROOHQZHUN .*:RRG::  /DUJHVFDOH QDWXUDO
JUDGLHQW WUDFHU WHVW LQ VDQG DQG JUDYHO &DDSH &RG










































































































































































































































































































































































































































































































































&RXQWU\UHJLRQFRQWLQHQW   3DSHUUHODWLQJWRFRXQWU\UHJLRQFRQWLQHQW


$
$IULFD 
$OEDQLD 
$XVWUDOLD  
$XVWULD 
%
%HQLQ 
%UD]LO 
&
&DQDGD 
&HXWD 
&]HFKLD  

'
'HQPDUN
(
(J\SW 
(VWRQLD 
(WKLRSLD 
)
)LQODQG  
)UDQFH
*
*HUPDQ\ 

*KDQD 
*UHHFH 
+
+XQJDU\ 
,
,QGLD 

,UDQ 
,UHODQG  
,VUDHO  
,WDO\ 
.
.RUHD 
1
1LFDUDJXD  
1LJHULD  
1RUWK$PHULFD  
1RUZD\ 
3
3DOHVWLQH 
3RODQG  
3RUWXJDO 

5
5RPDQLD  
5XVVLD  
6
6HUELD 
6RXWK$IULFD  
6RXWK$PHULFD 
6SDLQ 
6UL/DQND  
6XGDQ 
6ZHGHQ 
6ZLW]HUODQG  
8
8JDQGD 
8.

86$ 
9
9LHWQDP  



 
